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The southern New England Orogen (NEO) is host to Early Palaeozoic ophiolitic and island arc rocks of 
the Weraerai and Gamilaroi terranes, respectively, which commonly abut the Great Serpentinite 
Belt.  The serpentinite mélange is also host to HP/LT eclogite and blueschist assemblages that record 
past subduction events. The age of these units is critical to the early tectonic history of the NEO and 
this project aims to establish new age data on key intrusive and metamorphic phases from Port 
Macquarie and Barry Station using SHRIMP analysis of zircons. Seven samples including several 
selected intrusive phases of the southern NEO at Barry Station and Port Macquarie, the Rocky Beach 
Eclogite from Port Macquarie, volcaniclastics from Port Macquarie Serpentinite Mélange, were 
selected for zircon extraction and U/Pb isotopic dating. Whole-rock XRF geochemistry and standard 
petrology was employed to establish the tectonic setting of formation.  SHRIMP analysis of igneous 
zircons extracted from the Rocky Beach Eclogite provided multiple 206Pb/238U age populations 
including: Neoarchean (ca. 3033 – 2648 Ma); Paleoproterozoic  (ca. 2185 -  1544 Ma); 
Mesoproterozoic (ca. 1064 - 1128 Ma); Neoproterozoic (ca. 544 – 802 Ma) Upper Cambrian (483 – 
519 Ma)  Siluro-Devonian (401 - 412 Ma); Carboniferous (ca. 329 – 364 Ma); and Permo-Triassic (ca. 
242 -264 Ma); suggesting the maximum age of the protolith is Permo-Triassic. This contradicts the 
Ordovician K-Ar age reported in the literature and highlights the need for re-appraisal of tectonic 
models of the NEO which are partially based on the incorrect age. Petrological analysis of the 
eclogite reveals mineral assemblages representing 5 phases of metamorphism which were 
experienced during subduction and subsequent exhumation. The presence of these phases in the 
partially retrograded eclogite is evidence for rapid exhumation which differs from current tectonic 
models that suggest Ordovician peak metamorphism and subsequent 200 million year suspense in 
the upper crust prior to exhumation.   
SHRIMP analysis of igneous zircons extracted from the Tacking Point Gabbro, Port Macquarie, 
yielded a Middle Devonian (388 ± 7 Ma) age. This contradicts the “look-alike” Permian association 
with the Clarence River Supersuite. Combined with geochemical data the Tacking Point Gabbro is 
interpreted to have intruded as part of a Siluro-Devonian Gamilaroi intra-oceanic island-arc system, 
which correlates with the timing and tectonic setting of the Gamilaroi terrane in other parts of the 
NEO. 
SHRIMP analysis of inherited zircons extracted from the felsic differentiate domain of a basaltic dyke 
that intrudes into the mélange yielded a Neoarchean age indicating that the melange was emplaced 
over an evolved crust before the intrusion of the dyke. However the lack of dateable zircons 
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extracted from this sample and the cross-cutting filed relations indicate the age of emplacement 
must be much younger. Deformation of the dyke suggests mélange activity was still occurring during 
this point or may be indicative of later tectonism. 
SHRIMP analysis of a volcanosedimentary rock collected from a composite lithon above a well-
preserved pillow basalt yielded a Late Ordovician age of 452 ± 10 Ma indicating that the sediment 
was sourced from an active Ordovician island arc system off the eastern margin of Gondwana, 
possibly the Macquarie arc. SHRIMP analysis of detrital zircons extracted from the Green Mound 
metasediment tectonically below the melange yielded multiple age populations:  Neoproterozoic 
(ca. 963 – 520 Ma); Ordovician (ca. 516 - 540 Ma); Upper Silurian (ca. 405 - 426 Ma); Uppermost 
Devonian (ca. 400 - 426 Ma); and Lower Carboniferous (ca. 333 - 368 Ma);  the youngest 
(Carboniferous) age population indicates the maximum age of deposition. The two sediments are 
therefore unrelated.  
This research reveals multiple new pieces of evidence for the evolution of the NEO and the eastern 
Margin of Gondwana. The Rocky Beach Eclogite was thought to be Ordovician but contains Permo-
Triassic igneous zircons. Volcaniclastics derived exclusively from an Ordovician island-arc are present 
within the Port Macquarie Serpentinite Mélange as are Carboniferous volcaniclastics from a more 
continental “Gondwanan” source. The Tacking Point Gabbro previously interpreted as Permian is 
dated as Middle shows geochemical similarities with the intra-oceanic island-arc Gamilaroi terrane. 
An intrusive event occurred during mélange formation and post-dates the age of serpentinization. 
The Lower Carboniferous age from detrital zircons indicate that the Green Mound metasediment 
was deposited after the accretion of the Gamilaroi terrane to the eastern margin of Gondwana and 
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Chapter 1 – Introduction 
1.1 Time  
 
“There would be few geological studies in which, at some stage, there did not arise a question of 
timing”.  
Ian. S. Williams (1998) 
1.2 The NEO 
 
The New England Orogen (NEO, Fig. 1.1) is a complex tectonic collage for which both nomenclature 
and classification of terranes therein have proven difficult. This is seen when combining literature 
from past and present authors of differing views and opinions, often based on limited datasets and 
sometimes out-dated tectonic paradigms. It is therefore critical to the understanding of the NEO 
that awareness of this complexity and inconsistency in the New England geology and literature, 
respectively, be achieved. In order to do this the literature on the composing terranes most crucial 
to understanding the NEO, must be reviewed. Also, new analytical evidence in the form of accurate 
numerical age constraints must be presented together with the geochemical and petrological 
evidence to confirm an accurate chronology for the tectonic events which lead to the development 
of the current New England Orogen. While the power of analytical techniques such as SHRIMP 
dating are noted here, also noted is the importance of field observations and geological 
relationships, which are the foundations from which powerful techniques such as SHRIMP are 
extended.  
Rocks of the Southern Portion of the NEO are investigated here. Many authors have interpreted the 
rocks of the southern NEO, beginning with qualitative analyses by Benson (1913, 1918) in the early 
20th century, and leading to more recent interpretive analyses such as those by Crook (1961), Heugh 















Figure 1.1 a) Generalised structural units of the southern New England Fold Belt (Guo et al 2007) and the Gunnedah Basin 
as interpreted using nomenclature other than that of Flood and Aitchison (1988). Also shown are locations of the gravity 
profiles reported in this study and the seismic line BMR91-G01. From south to north, the gravity profiles are named 







1.2.1 The Port Macquarie Coastal Tract  
 
The Port Macquarie Coastal Tract encompasses the HP/LT metamorphic rocks of the Rocky Beach 
Metamorphic Mélange (Och et al. 2003), the Tacking Point Gabbro (TPG) and various other intrusive 
and volcanosedimentary rocks, all of primary relevance to this research.  The HP/LT metamorphic 
rocks of the RBMM have become the focus of more recent interest since the advancement in 
Figure 1.2 b) Tectonostratigraphic map of southern New England Orogen showing locations of Port Macquarie 
and Barry, and terrane nomenclature of Aitchison & Ireland (1998) (Aitchison and Ireland 1995). 
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understanding of plate tectonics and knowledge of the behaviour of rocks and minerals during 
subduction-related metamorphism. However, for the amount of information which the 
metamorphic rocks hold there has been relatively limited research on them. The blueschist and 
eclogite located in the Rocky Beach Metamorphic Mélange represent an excellent and rare on-land 
example of subduction related metamorphism and the metamorphic facies which are associated 
with these conditions. The minerals which reside in these rocks also allow the various phases of 
metamorphism to be identified and dated (Fukui et al. 1991, 1995), facilitating the production of 
pressure-temperature-time (P-T-t) map for the rocks (Och et al. 2003). This map can be used to infer 
a great deal of further information such as constraining a minimum age for the beginning of 
subduction, in an island arc system. It is for this reason that further petrological and 
geochronological analysis must be undertaken on these metamorphic rocks, with the aim of 
respectfully supporting or rejecting previous interpretations in light of new evidence. 
1.2.2 Intrusive rocks of the Gamilaroi and Weraerai terranes at Barry 
 
The Siluro-Devonian intra-oceanic island-arc Gamilaroi terrane (Flood and Aitchison 1988) is located 
in the Western most portion of the Southern New England Orogen (NEO).  The Gamilaroi terrane 
rocks are located inland of the Rocky Beach Metamorphic Mélange and crop out at Barry Station, 
Glenrock Station and Pigna Barney, all of which are located in the Tamworth Belt east of the Peel 
Manning Fault System (PMFS). Gamilaroi rocks have had a relatively rich history of research since 
they were originally mapped by Benson in (1913, 1918), and since their interpretation as a 
geochronologically significant (with respect to the evolution of the ancient eastern margin of 
Gondwana and current east coast of NSW) ancient intra-oceanic island-arc terrane (Flood and 
Aitchison 1988). The geochronology of these island arc related rocks is incomplete. Geochemical 
analyses have produced varying interpretations. Further geochemical and geochronological research 
is therefore necessary for an accurate chronology of these rocks to be produced.  
The Cambrian Weraerai terrane (Flood and Aitchison 1988) is a suprasubduction zone ophiolite 
contained within a serpentinite matrix mélange, which is considered to be intimately related with 
rifting of the island arc Gamilaroi terrane (Aitchison and Ireland 1995; Stratford and Aitchison 1997). 
A greater understanding of the origins of the intrusive rocks which amalgamated to, and now reside 
in, the southern NEO is necessary for enhancing the resolution of evidence for correct modelling of 
the evolution of the current east coast of NSW, or ancient eastern margin of the Gondwanan 
supercontinent. Age constraints on these various intrusive phases, on subduction related 
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metamorphics, and on volcanosedimentary rocks, allows the petrological and geochemical evidence 




This study aims to:  
1) To date key intrusive phases of the Gamilaroi island arc as well as high pressure/low 
temperature metamorphic phases (eclogites) within the Port Macquarie Serpentinite 
mélange using sensitive high-resolution ion microprobe (SHRIMP) analysis of extracted 
zircons.  
2) To make petrological descriptions of the intrusive and metamorphic rocks 
3) Undertake geochemical (XRF) analysis of igneous phases to constrain their tectonic setting of 
formation. 
The outcome of this project will be a more detailed and accurate description of the development 
and evolution of the southern NEO, or, the Geochronology of the Southern NEO and the rocks which 
now reside. This will increase the resolution of knowledge on the evolution of the greater eastern 
margin of the Gondwanan supercontinent which holds great significance in Earth history and paleo-
tectonics.  
1.4 Location and access 
 
This thesis focuses on samples collected from the core intrusive phases of the Gamilaroi and 
Weraerai terranes at Barry, and the Tacking Point Gabbro from Port Macquarie, along with some 
currently undefined intrusions of the Port Macquarie Serpentinite Mélange, and sedimentary rocks 
collected from within and structurally below the Port Macquarie Serpentinite Mélange (Fig. 1.2, 1.3) 
Barry is situated 30 km south-east of Nundle in the Liverpool Ranges, Southern NEO, New South 
Wales (Fig. 1.1). Barry is accessible via the Hanging Rock-Barry unsealed road but access within the 
property is constrained by the condition of the access tracks. At the time of sampling the area was 
experiencing flooding so our sampling was restricted to what we could collect on foot from Barry 
homestead.  



























Samples from Barry were collected along the Barnard River where fresh outcrop is exposed (Figure 
1.2, 1.3).  Samples from Port Macquarie (1.2) were collected by walking along the Port Macquarie 
Coastal Tract and choosing a range of intrusive, metamorphic, and sedimentary rocks based on 
significance determined by field relations and petrology. The same method was used for the 
collection and recording of all samples. A sledge hammer was used to remove the sample from the 
whole rock, sometimes with the aid of a chisel or bolster. The coordinates of the sample site were 
collected and recorded on a hand held GPS unit, in AMG94 geographic coordinate system. Below 




Figure 1.3 a) Regional extent of sampling for (a) Port Macquarie Coastal 





1.5.1 Crushing/powdering/sawing of rocks 
 
Portions of rock used for geochemical analyses were collected from the freshest, most unaltered 
sections of the sample to represent as close as possible the original compositions. Portions were first 
broken down by smashing with an iron hammer, slicing with the diamond bladed rock saw, or 
breaking on a hydraulic press. This fresh rock was then smashed into smaller pieces and placed 
inside a chrome crushing container to be placed into the rock crusher. At least 60 g of rock powder 
was retained from each sample and labelled accordingly in a small satchel bag. The powder from 
each sample was then to be used in production of glass beads for major composition analysis, 
pressed pellets for XRF (trace element analysis) and LOI (loss on ignition).  
1.5.2 Production of thin sections 
 
The diamond bladed rock saw from the rock lab was used to cut representative pieces of rock from 
each sample for petrological analysis. Samples which hard large occurrence of sulphides were used 
to produce polished sections.The blueschist/eclogite from sample HONS244 were used to create 
polished sections at 2x  the normal thickness (60 µm respectively) with the intention of conducting 
probe work on glaucophnae crystlas present in the sample. All other samples were used to make 
























 Figure 1.4 a) hyrdraulic crusher used to split rock for further crushing, also used for production of 




1.5.3 Zircon extraction and mounting for SHRIMP 
 
Detailed description of the methodology used for SHRIMP is provided in Chapter 3. Zircons were 
separated from the sieve fractions using a Wilfley shaking table, a Franz magnetic separator, and 
heavy liquids at Geoscience Australia (GA). Hand picking of zircons, grain mounting, and production 
of cathodoluminescence images was conducted by A. Nuttman. SHRIMP analysis was conducted at 
the SHRIMP facility of Geoscience Australia (GA) by A. Nuttman.  
1.5.4 Geochemistry 
 
Whole-rock major and trace element analyses: 20 samples (each 50 – 100 g) of fresh uniform rock 
from mafic and igneous intrusive igneous rock, HP/LT metamorphic rocks, and volcanosedimentary 
rocks were powdered in a chromite crushing vessel. Major and trace element abundances were 
determined by wavelength X-ray fluorescence (XRF) spectrometry at the University of Wollongong 
using standard techniques 1). Loss on Ignition was calculated for all samples. A known weight of 
powdered sample was placed in a crucible in a furnace at 1050o C for three hours. Samples were 
weighed again after slight cooling with the difference in baked weight to initial weight converted to 
weight % loss on ignition. Major oxides were determined via XRF analysis of pressed pellets (Fig. 1.4 
b) using standard techniques. Trace element analysis was performed on fused glass discs using 
standard techniques (discussed in Chapter 5).   
1.5.5 GIS  
 
During sample collection Geographic coordinates were recorded for each of the sample sites using a 
GPS unit (recorded in AMG 94). Theses coordinates were logged in the GPS unit and recorded in the 
field notes, along with the sample/sample site description. All coordinate were logged in an excel 
spreadsheet together with the sample/sample site description. The coordinates and descriptions 
were then exported as a “CSV comma delimited” file to aid in the transfer of the data into a GIS. 
Note that this file conversion does not support abstract characters and thus these must be removed 
from the excel spreadsheet before the conversion takes place. Once this was complete the CSV 
spreadsheet was imported into an ArcMap file to overlay the NSW geology (2004) dataset. The 
sample/sample site descriptions were added to the attribute table for each sample. To keep the 
same layout as the NSW geology base dataset, the same attribute columns were added to the 
18 
 
attribute table and filled out accordingly where possible. Some of the information required to 
complete all of the attributes in the table was not available for every sample.  
 
1.5.6 Digitising of geology map from Buckman (1993) 
 
Mapping of the Gamilaroi, Weraerai, and Djungati terranes, and Manning Group diamictite at Barry 
was conducted in a detailed honours thesis by Buckman (1993). Until now the map has remained in 
paper format and resolution of electronic maps for the region is course. Digitising can be conducted 
via numerous methods. The method chosen depends upon the degree of accuracy the research 
requires, the scale of the mapping which is being conducted and the understanding the user has of 
the digitising program. For this work the “ArcEditor” tool in ArcMap, a module of “ArcGIS 9, ArcView 
9.2 and Extensions” by ESRI, was used. This map was produced by tracing the outline of polygons 
using the draw tool selected from the ArcEditor toolbox. Large polygons were traced first before 
tracing smaller polygons which were encompassed within. The “polygons within polygons” were 
separated using the “Cut” tool. Polygons with common boundaries were separated using the “trace” 
tool to remove error polygons, or “slivers”.  If the draw tool is used for this sliver polygons are 
produced. The trace tool follows the boundary line exactly and is not subject to the error of a human 
hand, and is thus the more appropriate method of tracing common boundaries between polygons.  
After each polygon was produced the attribute table was filled out using the information provided in 
paper map by Buckman (1993), and was then categorised based on terrane (i.e. Gamilaroi, Weraerai, 
Manning Group etc.). A separate more detailed layer was then produced using lithology descriptions 
to classify the polygons. A ‘zoom dependant scale’ was then applied allowing the different, more 
specific scale layers to appear at pre-defined levels of zoom. The further the zoom, the more 
detailed the information which will appear in the GIS. Once produced, the digitised map was 
georeferenced and incorporated in the NSWGS GIS geology for NSW, from 2010. The digitised map 








Chapter 2 – Background and literature review 
 
A review of the NEO and its constituent terranes requires knowledge of the difference in 
nomenclature used by different authors. The NEO extends some 1500 km from Bowen in 
Queensland to Newcastle in NSW. It is divided into northern and southern provinces separated by 
Mesozoic Moreton-Clarence Basin which lies on the NSW/QLD border. To the north lies the Yarris 
province which includes the Mount Morgan mine, and to the south lays the New England Province 
(Murray et al 1987). More recent literature has combined the two provinces as a single orogen, the 
New England Orogen, only after recognition of their similarities in stratotectonic and structural 
histories as noted by Day et al (1978). The focus of this research will be on the rocks of the New 
England Province of Murray et al (1987) or the modern and more conventionally termed southern 
New England Orogen.  
The southern NEO classification leads to its division into several major blocks. This division is not the 
focus of any major controversy and is generally accepted throughout the scientific community, 
however the origins of such terranes may not be as widely agreed upon. The major blocks of the 
southern NEO include the following (Figure 1.): the Port Macquarie Block, of which the coastal tract 
rocks are of particular interest to this research; the Central Block and the Nambucca Block, of which 
are of only minimal relevance to this research. Two other geological entities which are of particular 
significance to this research are the Tamworth Belt and the Tablelands complex. While these 
features are not defined in the literature as blocks they represent major portions of a region of the 
southern NEO which is divided by the Peel-Manning Fault System, a distinctive, steeply eastward 
dipping fault boundary. To the West lies the Tamworth Belt, which hosts the intra-oceanic island-arc 
Gamilaroi terrane also of particular interest to this research; and to the east lays the Tablelands 
complex, which hosts some of the Djungati terrane and Weraerai terrane rocks which are mentioned 
here due to their importance in understanding the geology and chronology of the NEO. These last 
two divisions are not excluded from the controversial nomenclature which surround the New 
England Rocks. The Western and Eastern zones along the Peel Fault are also Zones ‘A’ and ‘B’ of 
Leitch (1974), respectively. The Tamworth Belt (Zone A) is composed of comparatively structurally 
simple rocks (Harrington 1974; Aitchison and Flood 1995). After the rocks of the Tamworth Belt were 
originally grouped together, recognition of two separate terranes with unrelated origins has been 
made, namely, the Tamworth Group and the overlying Gamilaroi terrane (Flood and Aitchison 1988). 
The eastern zone (Zone B) contains masses of dismembered Cambrian ophiolite (Weraerai terrane),  
however  is dominated overall by complexly deformed strata which appear to have developed in a 
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series of Devonian-Carboniferous subduction complexes (Djungati and Anaiwan terranes) (Cawood 
1983; Fergusson & Flood 1984; Aitchison et al 1992). The New England Orogen is a complex tectonic 
collage for which geological complexities are mirrored by the complexity of the literature and 
nomenclature which mantle the numerous attempts to describe it. Throughout this thesis all 
differences in nomenclature will be addressed however for consistency the nomenclature of Flood & 
Aitchison (1988) will be followed (Fig. 1.1 b). 
2.2 Weraerai terrane 
 
The Great Serpentinite Belt of Benson (1913) encompasses the Cambrian ophiolite Weraerai terrane. 
Serpentinite matrix ophiolitic mélange outcrop along several major faults in the southern New 
England Orogen and show a consistent presence along the eastern side of the Peel Fault (Figure 2.1). 
These serpentinite rocks trace their origins back to the eastward facing subduction zone thought to 
exist beneath the Gamilaroi terrane from the Mid Silurian to Upper Devonian however the ophiolitic 
rocks which are encompassed therein were formed during the Cambrian before being emplaced 
during the Early Permian. Serpentinite is produced as a result of the interaction of water expelled by 
de-watering of subducting slab interacting with molten rock in the mantle wedge, a process which 
may also lead to the low temperature metamorphism which can is related to the deep burial high 
pressure metamorphism of blueschist facies rocks. The reaction results in the production of a rock 
consisting of lower density, more buoyant material causing it to rise in the mantle wedge. The colour 
and composition of the serpentinite depends on the composition of the parent rock in the mantle 
wedge and the cations available in the protolith. The buoyancy caused by the reaction may be an 
explanation for the exhumation of subduction related rocks such as the Rocky Beach high pressure 
metamorphics from which zircon dating has been conducted in this research. This may also explain 
the presence of major outcrops along fault lines where channels have been created for lower crustal 
level materials to be exhumed.  
 
The origin of the Weraerai terrane has been interpreted contrastingly in the literature, and dating of 
its rocks provides evidence for the need to relate field observations with analytical techniques to 
produce accurate models. Similarities between ophiolitic rocks of the Weraerai terrane and intra-arc 
or back-arc basalts and dolerites in the nearby Gamilaroi terrane have been used as a basis for the 
suggestion that the Weraerai terrane may represent the original basement to the Gamilaroi terrane 
(Aitchison and Flood 1995 and references therein). However, Gamilaroi terrane basalts and dolerites 
are distinct from those of the Weraerai terrane in hand specimen, petrographically, and chemically 
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(Aitchison & Flood 1994; Aitchison et al. 1994) and thus this interpretation has neither been 
confirmed nor negated. Suggestion have also been made that the Weraerai rocks represent portion 
of the underlying Lachlan Fold Belt over which the arc-related rocks were obducted during the 
upper-Devonian to early Carboniferous, and accessed through the Peel Fault.  
 
SHRIMP ion microprobe data (Aitchison et al. 1992) from magmatic zircons extracted from a 
Weraerai terrane plagiogranite at Bingara produce a Cambrian age (530 ± 6 Ma) and is thought to 
represent the age of ophiolite formation. The Weraerai terrane rocks are the oldest in eastern 
Australia and are thus not in agreement with previous tectonic models for the evolution of the NEO 
(Murray et al. 1987; Korsch et al 1991). Previous models suggest progressively younger curst was 
accreted onto the eastern margin of Gondwana during the Palaeozoic, and thus do not provide an 
adequate explanation for the presence of an early Cambrian supra subduction zone ophiolite with 
the histories of terranes against which it is now juxtaposed (Aitchison et al 1994; Aitchison and 
Ireland 1995).  
 
The Serpentinite mélange contains high-pressure low-temperature (HP/LT) metamorphic rocks from 
which minerals can be used to extract information about post subduction events (Och et al. 2003, 
Fukui et al 1995). While their presence is rare, these HP/LT subduction-related rocks include 
blueschist, eclogite and amphibolites present within the serpentinite matrix mélange (Glen & Heugh 
1973; Shaw and Flood 1981; Leitch 1980; Offler 1982 ;). The eclogite blocks are present more 
specifically in the upper Barnard River region (Allan & Leitch 1990) and within the Rocky Beach 
Metamorphic melange at Port Macquarie however the exact mechanism for emplacement of these 
blocks has not been comprehensively explained (Buckman 1993). Accompanying the eclogite blocks 
are the primary metamorphic indicator minerals lawsonite, garnet, glaucophane, omphacite and 
phengite which have been used to provide evidence for multiple phases of metamorphism (Och et 
al. 2003). The indicator minerals represent a point in time when specific metamorphic conditions 
(pressure and temperature) were reached and these phases can often be dated and mapped to 
show the tectonic history. From the knowledge of these metamorphic rocks relationship to other 
subduction related rocks the history of tectonic events of the latter can be inferred. 
The Weraerai and Djungati terrane are tectonically juxtaposed, and this must have occurred 
subsequent to accumulation of uppermost Devonian volcaniclastic sediments in the Djungati terrane 
(Aitchison et al. 1994). In places there is stratigraphic sequence from Weraerai ophiolite into chert 
and volcanogenic sediments of the tectonically overlying Djungati terrane. However, Weraerai 
terrane plagiogranite are considerably older than cherts forming the lowermost portions of the relict 
22 
 
stratigraphy within the Djungati terrane (Aitchison, Flood and Spiller 1992). Radiolarians in the 
Djungati terrane indicate a mid-Silurian to Later Devonian age range (Aitchison 1990). Djungati 
terrane rocks are also considerably more deformed and generally of higher metamorphic grade than 
ophiolitic rocks of the Weraerai terrane (Aitchison and Ireland 1995). Geochemical differences exist 
between mafic lithologies in either terrane with basalts of the Weraerai terrane being highly 
refractory compared with those of the Djungati terrane (Cross 1983; Cawood and Leitche 1985; 
Aitchison et al 1994).  
2.3 The Gamilaroi terrane  
 
The Silurian-Devonian intra-oceanic island-arc related rocks in the southern NEO have had an 
inconsistent history of classification. The island arc rocks are situated to the west of the Peel 
Manning Fault System (Figure 2.). These rocks together with the underlying rocks of the Tamworth 
Group constitute the entire Tamworth Belt (Korsch 1977; Stratford & Aitchison 1996). The term 
‘Gamilaroi terrane’ was introduced by Aitchison and Flood (1988) to describe a “new” 
lithostratigraphic identity separating the arc related rocks from other rocks of the Tamworth Group, 
of which the Gamilaroi terrane was originally interpreted to have been part of (Crook 1961). Within 
the Barnard region the Gamilaroi terrane can be separated into 5 separate units. From oldest to 
youngest these are: Pitch Creek Volcanics, Frog Hollow Formation, Benny’s Tops Limestone Member, 
Captains Rock Formation, and the Curricabark Formation (Stratford and Aitchison 1997).  The 
geology includes a diverse range of lithologies including intercalated volcaniclastic conglomerates, 
sandstone and mudstones, felsic volcanics and associated tuffs, massive basalts and pillow basalts, 
dolerites, and minor occurrences of limestone lenses (Flood and Aitchison 1988; Stratford and 
Aitchison 1997). 
The Gamilaroi terrane provides evidence for development in a series of arc related environments 
and evidence provided by modern analytical techniques has led to new, more justifiable 
interpretations of these environments. Mafic volcanics of the Gamilaroi terrane of Aitchison and 
Flood (1988) were originally interpreted (Leitch 1974; Cawood 1983) as the forearc component of a 
continuous arc to forearc subduction complex (Stratford & Aitchison 1997a). However analysis of 
intrusive subvolcanic and volcanic-arc rocks at Barry Station, Pigna Barney and Glenrock Station, led 
to an alternative interpretation of the evolution of the terrane as a Silurian-Devonian rifted intra-
oceanic island arc (Aitchison and Flood 1994; Aitchison et al 1997; Stratford and Aitchison 1997, 
1997b; Offler and Gamble 2002; Offler and Murray 2010, in press).  Extension within oceanic island 
arcs is commonly ‘observed’ as a two-fold process beginning by initial rifting of the arc to eventual 
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sea floor spreading (Karig 1971; Packam and Falvey 1971; Stratford and Aitchison 1996) with the 
rifting stage being a significant, large-scale, complex and common process relative to modern intra-
oceanic island arcs (Taylor et al. 1992; Hawkins et al. 1994; Clift 1995; Stratford & Aitchison 1997). 
This is the case with the Gamilaroi terrane rocks for which major and trace element composition, 
together with relatively flat chondrite-normalized REE distributions show that its rocks resemble 
those of rocks formed in modern intra-oceanic island-arc rift zones (Aitchison & Flood 1995). Also, 
rocks which were formed in intra-oceanic island-arc rift settings should be preserved in areas that 
are no longer clearly associated with active island-arc processes (Stratford & Aitchison 1997) as is 
the case of the southern NEO. The process of rifting and extension in arc rift settings can be 
segregated into a series of stages based on the lifetime and activity of the island-arc. This is evident 
in the Gamilaroi terrane sediments from which detailed study reveals ten sedimentary facies 
distributed throughout 6 lithostratigraphic units, each representing a distinct phase in the evolution 
of the Gamilaroi arc rift (Stratford and Aitchison 1996). The rocks of the Gamilaroi terrane therefore 
provide a well preserved example of the development of an intra-oceanic arc rift (Stratford and 
Aitchison 1996), which has been shown to have formed isolated from the eastern margin of 
Gondwana (Leitch 1975; Aitchison and Ireland 1995). It is worthy to note that recent research by 
Offler and Murray suggest that the Gamilaroi rocks have formed in intra-oceanic island-arc and back-
arc basin (BAB) settings based on Th/Yb, N/Yb, Ba/La and Zr/Y ratios. It should also be noted that 
initially Offler and Murray did not adopt the terrane classification of Aitchison and Flood (1988) for 
the Gamilaroi terrane. However in more recent work Offler and Murray (in press) have accepted the 
terrane terminology and supported the model of island-arc development off board of Gondwana via 
an eastward-dipping subduction zone with subsequent accretion of the island-arc during the Early 
Carboniferous.  
The accretion of the Gamilaroi terrane to the eastern margin of Gondwana has been constrained 
with considerable certainty to have occurred in the latest Devonian to early Carboniferous and is 
believed to be responsible for the continental margin arc volcanism which followed flip in 
subduction polarity. This constraint is based on the appearance of distinctive clasts of quartzarenite 
from the post accretionary erosion of the Lachlan Fold Belt (LFB) rocks (Flood and Aitchison 1992) 
which at this time represented the eastern margin of Gondwana. The LFB quartzarenite clasts 
appear in the marine clastic sequence which uncomfortably overlies the island-arc sequence. The 
oldest formation containing quartzarenite clasts is the Late Devonian (Famennian) Keepit 
conglomerate, a finding which indicates that the docking occurred some 30 Ma earlier than the 
Visean-Namurian event suggested by other researchers (Flood & Aitchison 1992). By analogy of 
modern arc-continent collision zones in which the crust between the colliding continents and island-
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arcs is preferentially subducted beneath the approaching arc, Aitchison and Flood (1995) suggest 
that oceanic crust intervening  between the Gamilaroi terrane and Gondwana was subducted 
eastwards under the western margin of the Gamilaroi terrane arc.  During the latest Devonian 
collision event the Gamilaroi terrane was obducted onto the Eastern margin of Gondwana. The 
collision is believed to have been followed by a subduction flip resulting in a westward dipping 
subduction zone on the eastern margin of the continent (Figure 3.). It is this subduction flip which is 
believed to have produced a continental margin arc and related volcanism which continued through 
the Carboniferous and into the lower Permian (Aitchison & Flood 1992). The younger Upper 
Devonian-Carboniferous rocks which unconformably overly the Gamilaroi terrane to the south and 
west are thought to represent an Andean-type continental arc which developed above a west-
dipping subduction zone along the Gondwana margin in response to the subduction flip (McPhie 
1987). This continental margin arc post-dates the accretion of the Gamilaroi terrane and thus 
represents a post accretion overlapping volcano-sedimentary assemblage. Putting this in context 
means that one can define the Gamilaroi terrane as, being only those rocks of island-arc affinity 
which pre-date the accretion with Gondwana (Aitchison & Flood 1992) and therefore are devoid of 




 Figure 2.1 Proposed model for the evolution of the Gamilaroi terrane. No scale is implied for the separation of 
Gondwana and developing Gamilaroi intra-oceanic island-arc. (From Aitchison and Flood 1993).  
 
A new model by (Offler and Murray 2010, article in press) based on an interpretation of geochemical 
evidence from the Gamilaroi rocks supports the earlier interpretations of the Gamilaroi accretion to 
the LFB during the Carboniferous, however, proposes that two subduction zones (double 
subduction) existed during the Late Devonian, one dipping west beneath the Lachlan Orogen, the 
other dipping east beneath a rifted intra-oceanic arc (Gamilaroi terrane) (Figure 4). Both of these 
models detach from earlier models in which the Gamilaroi terrane was interpreted as a forearc basin 
which had developed above a long lived (Cambrian to Permian), west dipping subduction zone 














The island arc terrane at Port Macquarie has been referred to as the Ngamba terrane (Fig 1.1 b) in 
the past (Flood and Aitchison 1988; Aitchison et al. 1994) However, it may well be the same as the 
Gamilaroi terrane. The two are spatially separated by faults and not enough was known in the past 
to make valid correlations and thus they were named separately. Our results may provide enough 
evidence to make a tentative correlation between the two. The Ngamba terrane and Gamilaroi 
terrane have indistinguishable ages and are both correlated to an island arc setting (Aitchison et al. 
1994) may belong to the same Siluro-Devonian Island arc system. The Ngamba terrane includes 
fragments of ocean floor accreted into a Late Devonian subduction complex, which was later 
affected by Early Carboniferous forearc serpentinite diapirism and high Mg series magmatism 
(Aitchison et al.1994). Geochemical analysis of the Ngamba terrane has been conducted by Samuels 
(1977) and Price (1991) and Scheibner (1994). Aitchison et al. (1994) suggest a possible model for 
the development of the Ngamba terrane is that a series of rocks which tectonically accumulated in 
an oceanic island arc related subduction complex formed the terrane. The Ngamba terrane has 
Figure 2.2 Tectonic-model created by Offler and Murray (in press) for the evolution of the New England Orogen from the 
Middle Devonian to Late Devonian. BAB—back arc basin; LO—Lachlan Orogen; C-A—calc alkaline. After the Latest 
Devonian accretion event most of the strata of the Gamilaroi terrane experienced zeolite facies metamorphism (Aitchison 
& Flood 1992).  
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Silurian cherts (Ishiga et al. 1988), Devonian corals from limestone clasts within volcanogenic 
conglomerate (Picket 1991).  
The Gamilaroi terrane and the Birpai sub-terrane (Figure 1.1 b) have indistinguishable ages and 
similar geochemical signatures and thus may be related. Middle to Late Devonian ophiolitic rocks in 
the Yarras Complex comprise the basement to the Birpai sub-terrane and represent a crustal cross 
section through the rifted island arc (Aitchison et al.1994). Correlatives of this terrane also occur 
within the more extensive Gamilaroi terrane to the west of which deeper crustal levels are not 
exposed (Aitchison et al. 1994). Basalts and dolerites of the Yarras Complex have affinity with island 
arc tholeiites and show similar geochemistry to the Devonian arc-rift basalts of the Gamilaroi terrane 
(Aitchison and Flood 1994). Radiolarian faunas indicate the tuffs are Upper Devonian (Spiller 1993, 
Aitchison et al. 1994). SHRIMP analysis of igneous zircons from trondjhemite which intrudes a 
gabbro in the base of the Birpai sub-terrane indicates a Middle Devonian age of formation (374 ± 8 
Ma Aitchison and Ireland 1995). 
2.4 Djungati terrane  
 
Djungati terrane is discussed here due to the rich geochronological evidence which its rocks 
encompass, and due to its relevance to the Gamilaroi terrane island arc system. This thesis does not 
provide any new data from the Djungati terrane rocks.  
 The Djungati terrane is a chert dominated accretionary complex thought to have been related to 
subduction beneath the Gamilaroi terrane intra-oceanic island arc. It is located to the east of the 
Weraerai terrane (Fig. 1.1 b) and is part of the Texas Woolamin-Block (Fig. 1.1 a). The name ‘Djungati 
terrane’ was assigned by Flood and Aitchison (1988) to describe fault-bounded blocks that include 
repeated thrust slices of basalt, chert, siltstones and sandstones, conglomerates, and also some rare 
limestone olistoliths (Aitchison and Ireland 1995; Buckman 1993; Flood and Aitchison 1988), 
characteristic of the Woolomin terrane, parts of the Cockburn terrane, Wisemans arm formation 
(Cawood and Leitch, 1985), and the Texas-Woolomin terrane in part (Scheibner, 1985). The name 
was also introduced to avoid confusion which existed in distinguishing between the various 
lithostratigraphic units the suite had previously been linked to (Buckman 1993). The Djungati terrane 
is comprised of three main formations. These are the Watonga formation, Woolomin formation and 
the Wisemans Arm Formation.  
Age constrains based on radiolarian and conodont biostratigraphy indicate that the Djungati terrane 
was assembled during the Silurian to early Carboniferous (Aitchison et al 1992). This is intriguingly 
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the same age constrain place on the Anaiwan terrane (not of significant relevance to this research) 
by radiolarian dating. Both Djungati and Anaiwan (which lies structurally underneath the Djungati 
terrane) terranes have been widely interpreted as representing ancient subduction complexes 
(Cawood 1982; Murray et al. 1987; Aitchison and Ireland 1995) and have been noted to contain 
similar lithological content (Flood and Aitchison 1988). However, differences in lithological 
proportions, geochemistry and petrology mean the two terranes may be completely unrelated 
(Aitchison and Ireland 1995). Development of the Djungati terrane began as part of an ocean basin 
from middle Silurian to late Devonian while isolated from terriginous sediment input (Breyley 1990; 
Buckman 1993). The oldest rocks within the Djungati terrane are the red ribbon-bedded chert 
(Siluro-Devonian), and the youngest (Late Devonian – Early Carboniferous) are the felsic arc-derived 
volcaniclastic sandstones with inter-bedded olistostromal units (Aitchison et al 1990, 1992; Aitchison 
et al. 1997). The younger volcaniclastic sediments may represent a period when island arc volcanism 
(or erosion) increased and feed to the sediment starved accretionary complex increased. Alkaline 
pillowed basalts also occur as part of the terrane at Barry Station (Aitchison et al 1997; Flood et al 
1994). The rocks of the Djungati terrane, like most of the island-arc related terranes at Barry, have 
been regionally metamorphosed to low grade prehnite-pumpellyite facies burial-metamorphism to 
pumpellyite-actinolite facie (Aitchison et al 1992; Aitchison and Ireland 1995).  
 
The dominant red ribbon-bedded radiolarian chert of approximately 100m thickness and underlying 
meta-basalts together comprise the Woolomin Group (Aitchison et al. 1988). The red cherts are 
themselves overlain by green siliceous tuffs, arc derived sediments and olistoliths (exotic, gravity 
driven submarine slump deposit intercalated amongst normally bedded sequences) of chert, basalt 
and limestone (Buckman 1993) collectively referred to as the Wisemans Arm Formation (Leitch and 
Cawood, 1980). It is worthy to note that there have been multiple classifications of these rocks and 
Cawood and Leitch (1985) differentiate both the Woolomin and Wisemans Arm units as separate 
terranes, however, the Wisemans Arm rocks conformably overlie the Woolomin Formation rocks, 
and as a terrane must be entirely fault bounded, they must belong to the same terrane (Buckman 
1993).  
 
Limestones in the Woolomin Group contain fossils that range in age from Ordovician to Early 
Devonian (Chappell 1961; Hall 1978; Heugh 1971; Cawood 1982). Previous work by Aitchison (1988, 
1989, 1990) and Aitchison et al. (1992) using radiolarian biostratigraphic relations has shown marked 
variances in age compared with previous interpretations of the New England Geology. The species 
which were extracted from the red ribbon-bedded chert existed between the latest Silurian to 
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middle Devonian (Buckman 1993). Radiolarian faunas from the uppermost levels of the red chert 
assemblage indicate that deposition continued until Late Devonian time (Aitchison et al. 1992). 
Radiolarians indicate that the Wisemans Arm Formation facies accumulated in the latest Devonian to 
Early Carboniferous and are the youngest units in the Djungati terrane (Aitchison et al. 1992; 
Aitchison & Flood, 1992; Buckman 1993). 
 
During the latest Devonian to Early Carboniferous the Djungati terrane sedimentary rocks were 
subject to progressively more volcanic island arc activity as evident by the increasing abundance of 
green siliceous tuff, volcanogenic sandstone and olistostromal deposits of shallow water limestone, 
chert and basalt (Aitchison et al. 1992; Buckman 1993). 
The Watonga Formation is restricted to the east of Lake Innes Fault and comprises abundant chert 
and slate, uncommon mudstone, and rare metabasalt (Och et al. 2005). The unit is mostly broken 
formation with bedding in the cherts and common irregular folding. Several chert dominated units 
(up to 100m thick) may comprise different stratigraphic levels or may simply be repeated thrust 
slices of the same horizon (Och et al. 2005). Radiolarian extracted from Watonga Formation chert 
(Ishiga et al. 1988) suggesting a Late Devonian age. This contrasts with other cherts of the New 
England Fold Belt which are widely accepted as products Carboniferous subduction-accretion 
(Fergusson et al. 1993; Och et al. 2005). Greenschist facies assemblages and foliation are also 
present in the Watonga Formation rocks.  
Slabs of radiolarian chert up to 400m long and smaller blocks of limestone and siltstone, inter-
bedded with green siliceous tuffs, volcanogenic arenites and conglomerates comprise the Wisemans 
Arm Formation at Barry (Buckman 1993). The presence of both red ribbon-bedded chert and shallow 
marine limestone olistoliths within a volcanogenic matrix suggests the formation accumulated in 
close proximity to a major consuming plate boundary (Cawood 1979; Leitch and Cawood 1980) and 
was probably an accretionary seamount  (Buckman 1993)(Figure 1).  
As outlined by Buckman (1993) the Djungati terrane contains lithologies typical of many well 
documented accretionary complexes, for example, Nias Indonesia: Moore and Kraig 1980; Middle 
America Trench: McMillian et al. 1982; Von Huene et al 1980; Japan: Von Huene and Arthur 1982; 
Taira et al  1982; North Island New Zealand: Davey et al 1986; Caribbean: Westbrook 1982; 
Westbrook and Smith 1983; Brown and Westbrook 1988.However unlike these Cenozoic 
accretionary complexes, the Djungati terrane is dominated by pelagic and hemipelagic sediments 
rather than arc derived volcaniclastic sediments. The close spacing of zones of radiolarian chert and 
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the lateral extent of many chert horizons (Cawood, 1980; Aitchison, 1989; Aitchison & Flood, 1992b; 
Aitchison et al. 1992a) suggests that this represents an accretionary complex of a sediment starved 
trench. Aitchison et al. (1992a) use the Marianas intra-island arc system as a possible modern 
analogue of the Djungati terrane. It was widely interpreted that the Djungati terrane represents the 
accretionary complex of the Gamilaroi terrane (Leitch, 1974; Cawood & Leitch, 1985; Murray et al. 
1987). However, radiolarian biostratigraphy indicates the red ribbon-bedded cherts of the Djungati 
terrane developed on top of oceanic crust (basalt) between the latest Silurian and Late Devonian, in 
a once extensive ocean basin setting (Aitchison et al. 1992). These cherts were deposited at the 
same time as the Gamilaroi intra-oceanic island arc was being formed and because the red ribbon-
bedded cherts display no signs of proximal arc volcanism, it can be concluded that the red ribbon-
bedded cherts of the Djungati terrane formed far from the influence of the Gamilaroi terrane and 
therefore the two terranes are unrelated. The juxtaposition of both terranes is probably a result of 
extensive strike-slip motion (Buckman 1993).  
 
The small slice of Djungati terrane in the middle of the study area (Fig. 1.2) is interpreted as being 
part of an accreted sea mount (Wisemans Arm Formation). The limestone beds, basalt flows, 




Figure 2.3 Cartoon illustrating the possible development of the Djungati terrane accretionary complex 
as observed from the lithologies at Barry. Seamount represents the current Wisemans Arm Formation found in 




2.5 Port Macquarie Coastal Tract 
 
Port Macquarie coastal tract is situated approximately 400km north of Sydney in the Mid-North 
Coast region of New South Wales and extends some 5km between Tacking Point and the Port 
Macquarie Township. It is geologically notable for the presence of high pressure metamorphic rocks, 
serpentinite mélange, broken formation, and a wide variety of mafic igneous intrusive rocks which 
are very well exposed. The Coastal tract represents part of Ngamba terrane (Port Macquarie Block of 
Leitch 1974), which is a small structural element of the eastern NEO (Fig. 1.1). The Ngamba terrane 
spreads over an area of approximately 150 km2 and comprises mostly Middle-Late Paleozoic rocks. It 
is host to serpentinite lenses, the protolith of which was probably Early Cambrian (Aitchison and 
Ireland 1995). Diapirism of the serpentinite is considered to related to the exhumation of high 
pressure/ low temperature (HP/LT) metamorphic rocks which now exist at Rocky Beach. These HP/LT 
metamorphic rocks have previously been assigned a Palaeozoic history (Fukui et al. 1995; Och et al. 
2003). SHRIMP data presented here, from analysis of igneous zircons extracted from the eclogite at 
Rocky Beach firmly rejects this Palaeozoic assignment and indicates a Permo-Triassic age for the 
protolith (Discussed further in Chapter 3, section 3.5).  The dominant lithologies of the block are 
deformed sedimentary and igneous rocks that have undergone low-grade metamorphism (Leitch 
1980). Nine geological units make up the Port Macquarie Block including 6 formally defined by Och 
et al (2007); The Port Macquarie serpentinite, Rocky Beach Metamorphic Mélange  (Och et al 2003), 
Tacking Point Gabbro, Town Beach Diorite, Nobbys beach Lamprophyre and Sea Acres Dolerite. 
These 6 units collectively make up the dominant exposures of the Port Macquarie Coastal Tract. In 
regions further inland these rocks are either unknown or poorly exposed, and the variety 
accompanied by excellent exposure and ease or accessibility make this region an ideal location to 
study examples of plate tectonic-subduction related rocks.  
The coastal tract of Port Macquarie has been assigned by many authors to coincide with the Peel 
Fault (north-northwest to south-southeast fault zone), due to the structural complexities and 
metamorphic grades present (Brunker et al. 1970; Barron et al. 1976; Leitch 1980 b; Gilliga et al. 
1987; Scheibner and Basden 1998; Aitchison et al. 1994). However Och et al (2007) comments that 






2.5.1 Port Macquarie Serpentinite and Rocky Beach Metamorphic Mélange 
 
The term Port Macquarie Serpentinite (Och et al 2007a) is used to describe the several bodies of 
serpentinite exposed along the coastal strip south from Port Macquarie. It has also been proposed 
by Och et al (2007a,) that the term be extended to include other serpentinite bodies of the Port 
Macquarie Block including those referred to as ‘Burrawan serpentinite’ and the ‘Lake Innes mass’ by 
Leitch (1980a). The Port Macquarie Serpentinite (PMS) is part of the ‘Great Serpentinite Belt’ of 
Benson (1918) which extends further inland lining the Peel Fault. The PMS is a mélange with a matrix 
of schistose serpentinite, blocks of highly altered mafic rock (rodginite) that may originally have 
been dykes in the serpentinite protolith (Och et al 2007a), rare exotic blocks of high pressure rocks 
including meter scale phacoids of blueschist and eclogite, and rocks derived from the adjacent 
Watonga formation (Och et al 2007a).  
Previous investigations have been conducted in the Port Macquarie –tacking Point district which 
included mapping and/or recording of the serpentinite bodies and metamorphics present (Carne 
1897; Benson 1918; Wilkinson 1969; Brukner et al. 1970; Barron et al. 1976). Jaquet (1898) identified 
Lateritic iron, nickel and cobalt deposits which were initially exploited for cobalt (Och et al 2007a) 
but were later utilised for a source of iron ore used for gas purification (Pittman 1913; MacNevin 
1975).  
More recently age constraints have been placed on various sedimentary igneous and metamorphic 
rocks in the coastal tract rocks. Ishiga et al (1988) reported conodonts and radiolarians from cherts 
from Tacking Point and Watonga rocks however the middle Palaeozoic ages which were inferred 
have been questioned by Och et al (2007b), who have extracted middle to late Ordovician conodonts 
from three cherts located between Port Macquarie and Tacking Point (Och et al 2007a). Fukui (1991) 
determined K-Ar ages of 467±10 Ma and 471±10 Ma for muscovite from a metabasite block from 
mélange at Port Macquarie. Conclusions were later drawn by Watanabe et al (1993) and Fukui et al 
(1995) that the middle Ordovician date probably closely accorded with that of blueschist facies 
metamorphism (Och et al 2007a). This conclusion is disputed by evidence presented in this thesis. 
Och et al. (2003) have mapped the likely P-T history of lawsonite/eclogite blocks identified by 





Occurrences of incompletely altered ultramafic rock and rodginite slabs are rare however present in 
the serpentinte mélange (Och et al 2007). Common blocks of Watonga formation sediments are 
present in sizes up to 200 m in longest dimension south of Oxley Beach, consisting largely of thin-
bedded, grey-green and dark blue-grey siltstone, sandstone and fine conglomerate, or, chert and/or 
massive basalt dominated. 
2.5.2 Tacking Point Gabbro 
 
The Tacking Point Gabbro (TPG) (Och et al 2007a) belongs to the Tacking Point Igneous Complex 
(TPIC). Tacking Point Igneous Complex is the name given to describe a small pluton composed of 
rocks ranging from pyroxene-rich melanocratic gabbro to plagioclase-dominated leucocratic gabbro, 
gabbroic pegmatite and aplite. The pluton is only exposed in the intertidal platform around 200m 
north of Tacking Point however filed relations suggest the exposures at Tacking Point represent the 
top of a more extensive but largely buried gabbro pluton (Och et al 2007). Gabbro dykes cutting 
through the Watonga Formation are considered part of the unit and xenoliths of Watonga Formation 











Figure 2.4 Xenolith of Watonga Formation in Tacking Point Gabbro. The red chert of the Watonga rocks has been broken 





Geochemical data (Och et al.  2007a) indicates that the TPG is similar Permian (251-290 Ma) 
Clarence River Supersuite of the New England Batholith (Bryant et al. 1997). This combined with the 
observation that both bodies are deformed, mafic and both concentrated in the eastern portion of 
the NEO has led Och et al. (2007b) to assign a Permian age to the TPG, and also to assign the TPG as 
being part of the Clarence River Supersuite. We collected leucogabbro samples from Tacking Point 
for zircon dating to test this age assignment and have revealed startlingly different ages of Middle 





















2.6 Introduction to island-arcs and subduction-related processes 
 
An understanding of the processes which govern island arc systems is essential to reconstructing the 
tectonic history of the island arc and ophiolite terranes, and subduction related HP/LT metamorphic 
rocks which now reside in the Southern NEO.  
Magmatic arcs (island and continental) are common in present geotectonic settings (Fig. 2.5.) and 
likewise have been in the past. Island arcs are built on oceanic crust can be viewed as embryonic 
continents that grow and mature as the crustal thickness and area increases over millions of years 
with continued magmatic input (Best 2004). During formation of the island arc, intrusive rocks are 
rarely exposed and are covered by volcanic extrusive and volcaniclastic rocks. Island arcs can extend 
as linear groups of volcanoes several thousands of km long and no more than 200-300 km wide. The 
width of the arc decreases with increasing dip of the subducting slab. They are bordered on one side 
by an oceanic trench which may be up to 11km deep (Marianas Trench) which is the topographic 
expression of the junction between the subducting plate and over-riding plate (Fig. 2.6 a). Modern 
day island arc processes should match those of ancient island arcs (concept of uniformitarianism). 
Thus by comparison analysis of modern day examples one can see that island arcs typically have a 
high proportion of basaltic andesites and andesites (Fig. 2.6 b), and most andesites occur in 
subduction zone settings (Best 2004).  
Figure 2.5 Principal subduction zones associated with orogenic volcanism and plutonism. Triangles are on the overriding 




Figure 2.6 a) Schematic cross section through a typical island arc after Gill (1981). HFU= heat flow unit (4.2 x 10-6 
joules/cm
2
/sec); and b) Relative proportions of Quaternary volcanic island arc rocks types used in comparison to ancient 
island arc systems.  
Whereas basalt is the typical rock of the ocean floor, island chains and plateaus, the most common 
rock of convergent plate setting, whether it is island arc or continental arc, is andesite (Gill 1981). 
Although rocks with the same range of SiO2 as andesite (57-63 wt. %) occur in practically all 
petrotectonic settings. Other element concentrations do however differ between these other 
associations. Arc rocks range widely and continuously in chemical composition on each side of 
andesite. Most are subalkaline, silica saturated to silica-oversaturated. Rock types typically include 
basalt, basaltic andesite, andesite, dacite, and rhyolite (Best 2004).  As K is a mobile element, a wide 
range of K2O concentrations are subdivided into four rocks series, including low-K (tholeiitic), 
medium and high-K (calc-alkaline), and shoshonitic.  High-K and shoshonitic rocks may be alkaline 
and silica-undersaturated (Gill 1981). While variation occurs along and across the strike of an island 
arc a few tendencies can be cited which allow the classification of the origins of allochthonous island 
arc rocks, based on geochemical analysis. Low-K (tholeiitic) arc rocks are mostly basalt, basaltic 
andesite, and lesser amounts of andesite, rarely dacite and rhyolite, that form low mounds and 
shields around near trench vents mainly on young arcs founded on thin crust (Best 2004). 
Phenocrysts include olivine, calcic clinopyroxene, and plagioclase, Fe-Ti oxides, and pigeonite. 
Medium and high-K island arc rocks (calc-alkaline series) are mainly porphyritic andesites than 
contain phenocrysts of calcic plagioclase, orthopyroxene and clinopyroxene, Fe-Ti oxides and 
common minor biotite and hornblende (Gill 1981). Medium and high-K affinity magmas form more 
silicic viscous lavas than low-K, and often form step-sided edifices, including composite volcanoes. 
The greater water content of the magmas promotes explosion eruptions and pyroclastic deposits.  
Calc-alkaline rocks are typical of more mature arcs and in extrusions farther from the trench (Best 
2004). This tendency implies that thicker more mature arc-crust favor development of calc-alkaline 
magmas that mostly have higher alkalis and silica (Best 2004).  
Chemically most arc basalts are medium-K and have a high Al2O5 concentration (> 17 wt. %) and low 
MgO (< 6 %) and compatible elements (Gill 1981). Shoshonites are essentially high-K basalt, basaltic 
37 
 
andesites, and andesites, and are less common than the other igneous rocks in island arc settings, 
tend to form in mature arcs that have thick crust, and have been related to back arc rifting (Best 
2004). Two island arc-rocks (Boninite and Adakite) are defined independently of K2O-SiO2 relations. 
Boninite is typically glassy, has a high-MgO (>8 wt. %), low-TiO2 (<0.5 wt. %), and very incompatible-
element-depleted basaltic andesite or andesite belonging to the low or medium-K series (Crawford, 
1989). Adakite is also defined independently of K2O-SiO2 relations and is a dacite-andesite rock 
marked by high La/Yb ratios. Boninite and adakite magmas are generated in young arcs overriding 
young hot subducting lithosphere. Boninite is believed to be generated by partial melting of 
hydrated harzburgite in the mantle wedge and adakite by partial melting of hydrated basaltic crust 
in the descending slab (Crawford 1989). 
2.6.1 Island-arc subduction 
 
There are many variables which can affect the isotherms in subduction zone systems. The primary 
ones are (Tatsumi and Eggins 1995):  
1) The rate of subduction 
2) The age of the subduction zone 
3) The age of the subducting slab 
4) The extent to which the subducting slab induces flow in the mantle wedge 
The secondary factors thought to play only a minor role are: 
 Dip of the slab 
 Frictional heating 
 Endothermic metamorphic reactions 
 Metamorphic fluid flow 
 
The isothermal model for a subduction zone (Fig. 3) shows that isotherms will be higher (i.e. the 
system will be hotter) if (a) the convergence rate is lower, (b) the subducted slab is young and near 




Figure 2.7 Cross section of a subduction zone showing isotherms (Tatsumi and Eggins, 1995).  
 
The principle source components of island arc magmas are the crustal portion of the subducted slab, 
mantle wedge between the slab and the arc crust, the arc crust itself, the lithospheric mantle of the 
subducting slab, and the asthenosphere beneath the crustal portion of the subducted slab. The 
crustal portion of the subducted slab  includes altered oceanic crust (hydrated by circulating 
seawater, and metamorphosed in large part to greenschist facies due to the increase in T and P 
experienced during subduction), subducted oceanic and forearc sediments (from offscarping), and 
seawater trapped within the pore spaces of the sediments (Furukawa 1993). The arc crust, 
asthenosphere beneath the subducting slab, and lithospheric mantle of the subducting slab are 
unlikely to be significant source components. The lithospheric mantle of the subducting slab (Fig 3. 
Stage # 4) is already refractory due to the extraction of mid ocean ridge basalt (MORB) at the ridge, 
and it heats very little in the upper 200km of the subduction zone (Tatsumi and Eggins, 1995). The 
overriding crustal component is considered to be minor in island arcs due to the isotherms at the 
base of the predominantly andesitic crust being too low for melting. Therefore the subducted crust 
and mantle wedge are the primary source components of island arc magmas thus island arc 
volcanism should represent a combination of these two source components. Dry peridotite solidus is 
too high for melting of anhydrous mantle to occur in the thermal regime depicted in figure 2.7 
Several experiments (Mysen 1988; Kushiro 1968; Green 1980) have shown the effects of adding 
volatiles (especially H2O) on the melting of peridotite. The presence of the volatile H20 in the 
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subducting slab-sediments is therefore an essential component in the evolution island arc magmas 
(Crawford 1989). Based on the isothermal cross section of an island arc subduction zone (Tatsumi 
and Eggins 1995; Furukawa 1993) and subduction rate of approximately 3cm/year, the subducted 
slab takes 30-70 million years to reach equilibrium (Fig. 2.8) between subduction and heating of the 
slab (Peacock, 1991).  
 
Figure 2.8 Subducted crust pressure-temperature-time (P-T-t) paths for various situations of arc age (yellow curves) and 








The combination of all the above mentioned contributors leads to the proposed model (Fig. 2.9) for 
island arc petrogenesis as outlined by Tatsumi and Eggins (1995).  
Here it is shown that altered crust begins to dehydrate at depths of 50km or less, as chlorite, 
phengite, and other hydrous phyllosillicates decay (Tatsumi and Eggins 1995). As depth increases 
further hydration takes place and other hydrous phases become unstable (e.g. amphibole becomes 
unstable at 100km/3 GPa). As this process continues the crust of the slab is converted to blueschist, 
amphibolites, and finally anhydrous eclogite as it reaches about 80-100km depth. At 1 GPa 
(approximately 100km depth) basalts wet solidus (BSW) melting temperature is dropped from 
1140oC to 630oC (Geoff 1992). In most (mature) arcs, the temperature in the subducted crust is 
below the basalt wet solidus (BSW=630oC, Geoff 1992), so the released water cannot cause melting, 
and most of the water is believed to rise into the overlying mantle wedge, where it reacts with the 
lherzolite to form the altered mafic rock serpentinte in its multiple forms lizardite, antigorite, and 
chrysolite which all have varying amounts of Fe 2+ and 3+, and Al substituting for Mg and Si. 
Figure  2.9 A proposed model for subduction zone magmatism with particular reference to island arcs. Dehydration of slab 
crust causes hydration of the mantle (violet), which undergoes partial melting as amphibole (A) and phlogopite (B) 
dehydrate. From Tatsumi and Eggins (1995). 
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2.7 Suprasubduction Zone Ophiolites 
 
2.7.1 The Weraerai terrane, a Cambrian Suprasubduction Zone Ophiolite.  
 
The Weraerai terrane is suprasubduction zone ophiolite which was formed in the Cambrian and 
emplaced during the Permian and now resides in the southern NEO where serpentine diapirism has 
channelled the ophiolitic rocks through the Peel Manning Fault System. A complete understanding of 
the mechanisms by which the Weraerai terrane came to be in the NEO requires an understanding of 
the lifecycle of suprasubduction zone ophiolites.  
2.7.2 Introduction to suprasubduction Ophiolites 
 
There is a widely accepted consensus that two different types of ophiolites exist, normal-mid ocean 
ridge basalt (MORB) type ophiolites and suprasubduction zone (SSZ) ophiolites. MORB ophiolites 
represent fragments which have been scraped off subducting plates into the accretionary 
complexes, and as such are rarely preserved within continents. Supra subduction zone ophiolites on 
the other hand are often on the overriding plate, and thus are ramped up and onto continents 
during arc-continent accretion and are therefore more readily preserved. The two types of SSZ 
ophiolite are distinguished from one another by varying geochemistry. A comprehensive and 
detailed description of supra SSZ ophiolites can be found in Shervais (2000). 
 
Stern and Bloomer (1992) produced one of the most vigorous models for SSZ ophiolite formation in 
research which built on earlier studies by Hawkins et al (1984). This model (Fig. 2.10) describes how 
rapid extension in the upper plate of a nascent subduction zone leads to ophiolite formation, 





Figure 2.10. Schematic model for ophiolite formation by rapid extension in the upper plate of a nascent 
subduction zone, in response to sinking of the lower plate lithosphere (after Stern and Bloomer, 1992). MORB-
source asthenosphere flows into the wedge beneath the extending lithosphere and is fluxed with fluids from 
the sinking slab. Melting occurs in response to decompression of the lithosphere and the aqueous flux from 
the slab (Shervais (2000). 
 
2.7.3 Lifecycle of a SSZ  
 
SSZ ophiolites display a consistent sequence of events during their formation and evolution. This 5 
stage sequence may be summarized diagrammatically (Fig. 2.11). As outlined by Shervais (2000) 
these stages are: (1) birth, which entails the formation of the ophiolite above a nascent or 
reconfigured subduction zone; this stage is typically characterized by the eruption of arc tholeiite 
lavas and the formation of layered gabbros and sheeted dike complex, and is analogous to the 
Weraerai terrane; (2) youth, during which is continued melting of refractory asthenosphere 
(depleted during birth) occurs in response to fluid flux from the subducting slab, with extensional 
deformation of the older plutonic suite, eruption of refractory lavas, and the intrusion of 
serpentinite-pyroxenite; (3) maturity, with the onset of semi-stable arc volcanism, typically calc-
alkaline, as the subduction zone matures and stabilizes, and the intrusion of quartz diorite and 
eruption of silicic lavas - analogous to the Gamilaroi terrane; and (4) death, which is the sudden 
demise of active spreading and ophiolite-related volcanism, which in many cases is linked to collision 
with an active spreading centre and the onset of shallow underthrusting of the buoyant spreading 
axis; expressed as dikes and lavas with oceanic basalt compositions that crosscut or overlie rocks of 
the older suites; this is possibly the stage at which the collision event occurred between the 
Gamilaroi island-arc and the eastern margin of Gondwana; (5) resurrection, with emplacement by 
obduction onto a passive margin or accretionary uplift with continued subduction. The early stages 
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(1±3) may be diachronous, and each stage may overlap in both time and space, thus ophiolite 
formation is a natural consequence of the SSZ tectonic setting and not a stochastic event. The 
presence of ophiolite in a geological setting acts as evidence for relation of the terrane, and possibly 
surrounding terranes, to a paleo-arc-related environment.  
Figure 2.11 Idealized life cycle of a suprasubduction zone ophiolite, based on the example of the Coast Range ophiolite in 
California. (a) Stage 1: Birth. Flow of MORB-source asthenosphere into the wedge beneath the extending lithosphere, 
which is fluxed with fluids from the sinking slab. Melting occurs in response to decompression of the lithosphere and the 
aqueous flux from the slab, as in Figure 1; (b) Stage 2: Youth, which is the flow of new MORB-source asthenosphere into 
the wedge beneath the extending lithosphere slows as slab stabilizes, sinks more slowly; massive fluid flux from slab lowers 
solidus of previously melted mantle wedge (stage 1) to form refractory, second stage melts; (c) Stage 3: Maturity, which is 
the onset of semistable subduction regime, with balance between influx of virgin asthenosphere and fluids from slab, 
transition to calc-alkaline magma series; note approach of active spreading center with variablyenriched asthenosphere, 
seamounts; (d) Stage 4: Death, which is the collision of ridgecrest/spreading center with subduction zone; partial 
subduction of former spreading center site. Leakthrough of MORB, OIB melts, formation of very high T metamorphic sole, 
and onset of shallow thrusting of ophiolite over oceanic lithosphere; end of active, arc-related magmatism in ophiolite; (e) 
Stage 5: Resurrection, which may occur by accretionary uplift (illustrated here for the CRO of California) or by obduction 













2.7 Modern Island Arcs 
2.7.1 The Izu-Bonin-Mariana Arc 
 
The Izu-Bonin-Mariana (IBM) arc system Palau is significant to island-arc research both past and 
present as it is a system where boninitic volcanism is occurring, and its exposures and seismic record 
(Figure 2.13) present a remarkable record of arc volcanism and subduction processes. The system 
consists of the Izu-Bonin arc in the north and the Mariana arc in the south and, extending 3000 km 
from Japan in the south, to beyond Guam in the north. The arc is exposed in and around the Bonin 
Islands; ‘Bonin’ being the basis for the term ‘boninites’ where they were first described by Peterson 
(1891). Boninites are products of boninitic volcanism are demonstrated in both remnant and present 
island-arc systems.  Boninitic volcanism is produced by the melting of depleted mantle at shallow 
levels beneath the length of the arc with the aid of hydrous fluids from newly subducting slab 
(Ishizka et al. 2004), typically during early stages of subduction. Boninites are characterised by being 
high in both Mg and silica, and by having extreme depletion in incompatible elements which are not 
fluid mobile. They are found almost exclusively in the fore-arc of primitive island arcs (that is, closer 
to the trench) and in ophiolite complexes thought to represent former fore-arc settings. Other 
examples of boninite occur at Troodos (Cyprus ophiolite), Guam (Pacific Ocean), Setouchi (Japan), 
Baja California (Mexico), and New Caledonia (Pacific Ocean). Eruption of boninite lava was observed 
at West Mata volcano in the Pacific Ocean using a remotely-operated submersible (Dobson et al 
2006). Previously boninite has been found only near extinct volcanoes greater than 1 Ma old.  
Subducting slab along an arc chain can subduct at different orientations causing varying type of 
volcanism and subsequent geological features. For example, tomographic images show portions of 
the subducted Pacific plate penetrate vertically into the lower mantle below the Mariana trench, 
whereas below the Izu-Bonin arc, the slab appears to be lain down horizontally in the upper mantle 
on top of the 670-km discontinuity (Hilst & Seno 1993: Widiyantoro et al. 1999; Miller et al. 2004). 
These differences in orientation may lead to spatial inconsistencies in topographic and subsurface 








Figure 2.13 Map of the northwest Pacific with the major features of the Izu– Bonin– Mariana arc system, 
hypocenters of events with magnitudes of 5.0 and greater from the NEIC catalogue, and locations of the cross 







2.8. Introduction to subduction related metamorphism (Blueschist & 
eclogite) 
 
2.8.1 The “Blueschist Enigma” 
 
Blueschists are metamorphic rocks which are chemically altered products of precursor rocks 
(Wintsch 1986). While rare in abundance, elongated outcrops of blueschist rocks are present 
worldwide with known examples in California, Japan, the Alps, Chile, the Caribbean and Alaskan 
coast, and the southern NEO, usually contrasted against different rock types. Specific subduction 
related conditions are necessary for blueschists to be produced and, post-exhumation, these rocks 
retain a ‘mineralogical memory’ of the pressures, temperatures and thus conditions at which they 
were formed (Wintsch 1986). In the past (pre-1960’s) the blueschist enigma was a troublesome as 
geologists tried to understand how a rock which showed characteristics of deep burial pressures had 
not experienced the heat associated with the estimated depth of burial. It was a post 1960’s 
understanding of plate tectonics and subduction related processes which marked the development 
of the theory behind blueschist facies metamorphism. Geologists began to research active present 
day subduction zones such as those off the coast of Japan (Izu-Bonin-Marianas), South America and 
Alaska which led to the discovery of ‘depressed geothermal gradient’ which existed in subduction 
zones where relatively less heat was dissipated from the Earth (Ernst 1975). This evidence produced 
a possible mechanism for blueschist facies metamorphism (Wintsch 1986). Eclogite rocks are a 
product of deeper subduction and higher pressures than blueschist rocks. If a blueschist facies rock 
continues to subduct, it will eventually metamorphose to eclogite facies.  
2.8.2 Geochronology of Blueschist  
 
Blueschist-facies assemblages are extraordinary not only for providing evidence of low 
temperatures, of less than 500 °C at crustal depths in excess of 75 km, but also for their preservation 
during exhumation from such deep crustal levels (Carswell et al. 1997). The mechanisms responsible 
for the exhumation of high-pressure low-temperature (HP-LT) metamorphic rocks and the tectonic 
rates required for their preservation are the subject of continued debate (Carswell et al. 1997 and 
references therein). Dating HP-LT assemblages can be challenging because the low peak 
temperatures experienced do not reset many commonly used isotope systems, and partly because 
the most commonly used 40Ar-39Ar white mica ages are open to misinterpretation (Carswell et al. 
1997). Noteworthy is that 40Ar-39Ar white mica was the method used by Fukui et al. (1995) to assign 
an Ordovician age for the Rocky Beach Eclogite. Insight into the processes may be afforded by high 
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resolution, multi- system geochronological analysis, without which the mechanisms and rates of 
exhumation of pristine HP-LT rocks will remain largely speculative (Carswell et al. 1997). 
 
A detailed description of blueschist and eclogite facies metamorphism is given in Chapter 4.  
 
Chapter 3 Geochronology 
3.1 Introduction 
 
Zircon geochronology is the most precise and accurate geochronological tool used to determine the 
primary and metamorphic ages of igneous rocks. Zircons contain trace amounts of uranium and 
thorium (from 10 ppm up to 1 wt. %) and can be dated using several analytical techniques including 
analysis via the SHRIMP (sensitive high resolution ion microprobe) instrument. Radioactive decay 
occurs at rates characteristic of each element and isotope. As far as is known, those rates are 
independent of any chemical or physical parameters (e.g. pressure, temperature, chemical state ect. 
Williams 1998). To be suitable for geochronology, a radioisotope must have a half-life comparable to 
the time periods intended to be measured, namely long enough for a significant amount of the 
daughter isotope to be produced. The U-Pb isotopic system has a number of advantages that make it 
particularly well suited to SHRIMP analysis. The main advantage is that the system is paired: 
238U decays to 206Pb half-life 4.47 x 109 yr 
235U decays to 207Pb half-life 0.704 x 109 yr 
Combining the daughter ratio of 207Pb/206Pb produces another age determination. This concept is 
most easily visualised on a ‘Tera-Wasserburg’ concordia diagram in which the daughter/parent ratios 
for the two U-Pb decay schemes are the two axes, and reference curve (the concordia) is plotted to 
show the change in those ratios as a function of time (Williams 1998)(Fig. 1.). Analyses which plot on 
the curve (i.e. have equal  206Pb/238U,  207Pb/235U  and 207Pb/206Pb ages) are consistent with being 
closed isotopic systems and are described as ‘concordant’, those which fall off the curve (open 





Fig. 2. The ‘Tera-Wasserburg’ concordia diagram commonly used to illustrate ion microprobe analyses. Closed isotopic 
systems plot on the concordia at the age of the system, disturbed isotopic systems plot below or above the concordia, 
depending upon whether the disturbance has lowered or raised the Pb/U ratio respectively. For a single isotopic 
disturbance, the analyses define a discordance line which intersects the concordia at the original age, and the age of 
disturbance. The loci of recent Pb loss and mixing with common Pb also are illustrated. 
 
Zircons can survive geologic processes such as chemical weathering erosion, transport, and high-
grade metamorphism, and therefore retain a rich and varied record of geological processes. 
Cathodoluminescence (CL) imaging of sectioned zircons reveals domains of different trace element 
content and extent of radiation damaged and metamictisation and thereby allows accurate targeting 
by microbeam analytical techniques such as SHRIMP. The CL images can also be used to determine 
the history of transportation of the grain based on roundness and fragmentation. Zircon extracted 
from sediments can be used to obtain age/s of the sediments and their source/s. This data can also 
be used to constrain the period of deposition.   
The SHRIMP is a large radius, double-focusing secondary ion mass spectrometer (SIMS) sector 
instrument produced by Australian Scientific Instruments in Canberra, Australia. The SHRIMP 
machine operates by focusing a primary beam of oxygen ions on an approximately 20µm spot a 
material, sputtering secondary ions (the sputtering process gives the SHRIMP very high sensitivity for 
virtually all elements as outlined by Williams (1998). These secondary ions are then focused, filtered 
and measured according to their energy and mass. The SHRIMP can rapidly measure the isotopic and 
elemental abundances (<1ppm) in minerals and is therefore a highly valuable geochemical and 
geochronological tool. Uranium-thorium-lead geochronology is the most common application of the 
instrument and this is the method of analysis used here. Other methods used in dating zircons are U-
Pb by thermal ionisation isotope dilution mass spectrometry and for very young samples fission track 
and U+Th/He techniques. 
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3.2 U-Pb SHRIMP Methodology 
 
Hand-picked zircons were cast into epoxy resin discs together with chips of standard zircon 
(TEMORA), and then cut and polished down to represent sections of grains for analysis. Zircons from 
each sample were grouped close together on the mount and CL images were acquired with an 
electron microscope at the Research School of Earth Sciences, ANU. The CL images highlight 
differences in U/Th concentrations in the crystal and allow structure, zoning, alteration and damage 
to be noted. Assessment of grains and the choice for sites of analysis are based on the (CL) imaging. 
U-Pb isotopic measurements of zircon were acquired at Geoscience Australia (GA) with the SHRIMP 
II instrument using 20-30 µm diameter spot. Analytical and calibration procedures followed those of 
Stern (1998) and Williams (1998).  
Uranium abundance was calibrated using the single crystal SL-13 standard and 206Pb/238U  was 
calibrated against the multicrystal standard "Temora"  (206Pb/238U age of 1,099.0±0.7 Ma and 
207Pb/206Pb age of 417Ma  (Black et al. 2003). The 206Pb/238U error calibration error in this set of data 
based on the 16 Temora analyses was 1.1%. The decay constants and present-day 238U/235U value 
given by Steiger and Jäger (1977) were used to calculate the ages. In young grains (< 1 Ga) the 
207Pb/206Pb ages were excluded from age determination due to the large analytical error, and the 
206Pb/238U ages were reported. Reported ages are derived from 206Pb/238U ratios, following correction 
for common Pb by the Pb method (Compston et al. 1984) using the Cumming and Richards (1975) 
model for common Pb composition for the likely age of the zircons. Results are reported individually 
for each sample (section 3.2) and are plotted on Tera-Wasserburg diagrams and cumulative-
Gaussian distribution plots throughout.  
 
Wherever possible, small grains in small populations were analysed twice, in order to check for Pb-
loss giving apparent young ages. If the second analysis on the grain replicates (agrees with) the first 
age then one can accept the age. In some cases multiple analysis of a single grain yielded two 
significantly different age estimations. In this case, the oldest represents the minimum true age of 
the grain. With polymodal age distributions in sedimentary rocks, particular attention was paid to 
the youngest apparent ages, as these constrain the age of deposition.  
 
During analysis the nature of the crystal (based on CL imaging) and the description of the site were 
recorded in abbreviated form (Table 3.1). Included in the analysis site description was the nature 
(i.e. oscillatory zoned) of the crystal, the location on the crystal, the CL characteristics  and the shape 
of the crystal (i.e. oval or prismatic). 
51 
 
Table 3.1 Sample site abbreviations and descriptions used in sample data tables 
Abbrev Description 
e End of crystal 
osc Oscillatory zoning within crystal 
p Prismatic crystal 
hd Homogenous and dark in CL image 
f Fragment 




Due to the poor quality of the fragments extracted from the Barry intrusive rocks (samples 10-08-22-
02 and 10-08-22-03) an analysis had to be conducted to ensure that the crystals were zircons and 
not something else. To do this each grain was initially burnt with the probe and counts for Zr2O
- were 
monitored. If detected, analysis was commenced. 
Data was processed and summarised by A. Nuttman. Summary reduced data can be found in the 
appendix of this thesis. All data presented for samples in this chapter are summarised here.  
3.3 Results of Zircon Geochronology 
 
Seven samples of igneous and metamorphic phases from the Weraerai and Gamilaroi terranes were 
collected for zircon extraction and dating using the SHRIMP  in order to better constrains the timing 
of ophiolitic, island arc and subduction related lithologies within the NEO. A contextual summary of 
the samples is presented in Table 3.2. Five of the seven samples were collected by S. Buckman, A. 
Nuttman and T. Line in September 2010. Four of these six (2 sediments, one felsic differentiate and 
an eclogite) were collected from the Port Macquarie coastal tract. Two of the 6 were collected from 
selected felsic intrusive phases of the Gamilaroi terrane at Barry Station. The seventh sample 
(Gabbro from Tacking Point) was collected within an earlier study (Parkinson 2010) and used with 
permission to extract zircons for SHRIMP analysis.  
Each of the seven samples collected for zircon extraction and dating using the SHRIMP will be 
described systematically below in terms of the sample location and context, the CL images of the 
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3.3.1 Sample 10-08-21-01 – sandstone/siltstone from beneath pillow basalt 
at Port Macquarie 
 
3.3.1.1 Field Relations 
 
Sample 10-08-21-01 was collected from a composite lithon of pillow basalt and volcanosedimentary 
rock within the serpentinite mélange at Town Beach, Port Macquarie. The volcaniclastic sample  is a 
medium to fine grained turbiditic rock with alternating and is dark grey (silt) to light grey (sandy) in 
hand specimen (figure 3.1 a). The aim was to extract detrital zircons to constrain the age of source 
rocks. Geochemical analysis was also conducted to determine the possible composition of the 
source rocks. Geochemical analysis indicates high MgO and Fe2O3 concentration (10.2% and 17.2%, 








Figure 3. 1a) Field sampling location showing the relationship between the well-preserved pillow and the overlying 





























Figure 3.3 Tera-Wasserburg plot for concordant detrital zircons extracted from sample 10-08-21-01. Data are plotted 
corrected for common Pb with errors portrayed at the 2 sigma level. Weighted mean age is given with 95% confidence. 
Figure 3. 2 CL image of zircons from sample 10-08-21-01. Single number outside zircon 
indicates grain number. Number inside circle indicates the analysis number for multi 














Figure 3.4 Cumulative Gaussian distribution plot for 206Pb/238U ages for sample 10-08-21-01 
 
3.3.1.2 CL Imaging 
 
Grains are shown on the CL image (figure 3.3) and results are shown in the summary table (table 
3.2). The grains were all non-rounded zircon grains (figure 3.2) suggesting a short time between 
sediment source and deposition.  
3.3.1.3 SHRIMP Analysis 
 
SHRIMP analysis was conducted on 4 zircons extracted from the sample (Figure 3.2). Multiple 
analyses were conducted on opposing ends of three prismatic zircons (#1, 2 and 4) which displayed 
oscillatory zoning (Figure 3.2). The fourth crystal (#3) was analysed once and displayed lower 
uranium concentrations as indicated by the high reflectance in the CL image. Zircons from the 





Labels site U/ppm Th/ppm Th/U AGE 6/38 ± age6/38 
    2101-1.1 e,osc,p 210.84 102.38 0.48556 443.16 12.05 
    2101-1.2 e,osc,p 175.86 58.34 0.33173 463.8 14.19 
    2101-2.1 e,osc,p 561.28 243.49 0.43382 454.14 10.46 
    2101-2.2 e,osc,p 398.05 116.56 0.29282 448.45 15.14 
    2101-3.1 e,osc/rex,p 120.28 37.07 0.30823 445.15 16.2 
    2101-4.1 e,osc,p 316.51 162.61 0.51377 455.38 17.34 
    2101-4.2 e,osc,p 186.38 79.64 0.4273 453.27 13.73 
     
452±10 95% conf 
            MSWD=0.26 
 




A Middle-Upper Ordovician ages were determined for the detrital zircons. The consistency of ages in 
the sample and primary, non-rounded and prismatic nature of the grains indicates that the grains 
are probably volcanogenic in nature and thereby give the age of deposition. The lower Ordovician 
age of the sediments may thus indicate island-arc volcanism occurring at approximately 450 Ma, i.e. 
before the Gamilaroi terrane was produced. The volcanogenic sediment is therefore interpreted to 
belong to another unrelated arc environment of Ordovician age. FIND ARC IN LIT FROM ORDOVIC 
AGE. 
3.3.2 Sample 10-08-21-02 –Green Mound metasediment from Watonga 
Formation, Port Macquarie  
 
3.3.2.1 Field Relations 
 
This sample was collected at Green Mound from structurally below the serpentinite mélange at 
Town Beach (Figure 3.4 a). The sandier units have been interpreted to overly the Upper Ordovician 
cherts of the Watonga Formation (Och et al. 2003, 2007). In hand sample (Figure 3.4 b) these 
sandstones are fine grained and dark grey in colour with some prismatic quartz precipitation on the 
exterior of the sample. Geochemical analyses of the sediment (Chapter 5) indicate a felsic-andesitic 








Figure 3.5 a) sampling location and (b) collected sample used for zircon extraction (10-08-21-02).  
 
Figure 3.6 CL image of zircons from sample 10-08-21-02. Single number outside zircon indicates grain number. 
Number inside circle indicates the analysis number for individual grains. Age determined from each analysis is 














Fig 3.7 Tera-Wasserburg plot for concordant detrital zircons extracted from Green Mound metasedimentary 
rock 10-08-21-02. Data are plotted corrected for common Pb. Analytical errors (cross hairs) portrayed at the 2 
sigma level.  
 





Labels site U/ppm Th/ppm Th/U AGE 7/6 ± age7/6 % CONC AGE 6/38 ± age6/38   
    2102-1.1 e,osc,p 832.17 142.32 0.17102 431.6 55.81 96.7 417.16 12.11 
     2102-1.2 e,osc,p,fr 640.8 175.69 0.27417 433.48 74.6 100.3 434.96 7.69 
     2102-2.1 e,osc,p 264.76 132.08 0.49885 425.32 62.2 80.5 342.51 9.19 
     2102-2.2 e,osc,p,fr 310.91 248.26 0.79849 424.63 81 82 348.34 9.85 
     2102-3.1 e,osc,p 810.28 621.42 0.76692 272.67 181.74 103.8 283.01 11.53 Pb-loss? 
    2102-3.2 m,osc,p 215.16 126.81 0.58938 375.48 78.79 89.4 335.8 11.15 
     2102-4.1 e,osc,p 433.07 296.61 0.6849 633.38 40.02 83.3 527.89 11.57 
     2102-5.1 m/c,hb,ov 274.49 224.5 0.81785 670.64 41.11 99.2 664.95 17.18 
     2102-6.1 e,osc,p,fr 823.69 246.72 0.29953 1034.83 27.28 91.4 946.32 17.13 
     2102-7.1 m/c,osc,p,fr 328.95 432.18 1.31381 176.48 152.88 201 354.69 13.45 
     2102-8.1 m,osc,p 201.84 198.27 0.98233 281.62 133.19 122.9 346.21 11.63 
     2102-9.1 e,osc,p 224.77 154.59 0.68778 340.71 139.64 121.3 413.37 13.05 
    2102-10.1 e,osc,p,fr 199.04 42.34 0.21275 534.52 96.4 102.2 546.48 26.45   
 
 
3.3.2.2 CL Imagery  
 
The zircon grains extracted from the metasediment varied from well preserved to fragmented and 
rounded (Fig 3.6). Some of the grains were well preserved prismatic and oscillatory zoned (grains #8, 
#3) and some were fragments (grains #6, #4, #1). Grain #5 was homogenous and bright in the CL 
image.  
3.3.2.3 SHRIMP Analysis 
 
Ten zircons were analysed from sample 10-08-21-02 (Figure 3.4). Dual analysis of grain #1, a 
prismatic, oscillatory zoned crystal, gave Upper Silurian 206Pb/238U ages of 417 ±12 Ma and 434 ±8 
Ma, respectively. Dual analysis Grain #2 gave Lower Carboniferous 206Pb/238U ages of 342±9 Ma, and 
348±10 Ma. Dual analysis of grain #3 indicated one accurate Lower Devonian 206Pb/238U age 
determination of 335 ±11 Ma one inaccurate younger age caused by Pb loss. Single analysis of grain 
#4 on the end of a prismatic, oscillatory zoned crystal gave a Lower Cambrian 206Pb/238U age of 528 
±12 Ma. Single analysis on the middle of grain#5, a high uranium zircon which displayed a 
metamorphic texture (figure 3.4) gave a Neoproterozoic 206Pb/238U age of 665 ±17 Ma. Single 
analysis of grain #6 was conducted on the end of the grain which was a fragment of a prismatic, 
oscillatory zoned crystal. Grain #6 gave a Neoproterozoic 206Pb/238U age of 946 ± 17 Ma. Single 
analysis of grain #7 in the middle of a fragmented, oscillatory zoned, prismatic crystal gave a 
lowermost Carboniferous 206Pb/238U age of 355 ±13 Ma. Single analysis of grain #8 on the middle of 
an oscillatory zoned, prismatic crystal  gave a lowermost Carboniferous 206Pb/238U  age of 346 ±12 
Ma. Single analysis of grain #9 on the end of an oscillatory zoned, prismatic crystal gave an 
uppermost Devonian 206Pb/238U   age  of 413 ±13 Ma. Single analysis on the end of a fragment of an 
oscillatory zoned, prismatic crystal gave a Neoproterozoic 206Pb/238U  age of 546 ±26 Ma.  







Deposition occurs after than the age of the youngest population of zircons. The youngest detrital 
zircon has a Lower Carboniferous age, therefore indicating the maximum age of deposition. The 
Gamilaroi terrane is believed to have accreted to the eastern margin of Gondwana during the Early 
Carboniferous (Aitchison and Flood 1995) therefore it is unlikely that this mafic volcanic sediment 
was related to the terrane, or has been derived from a mixed source of island-arc (Gamilaroi terrane) 
and continental (Gondwana) sources. These Carboniferous grains (Grains #3, 8 and 7) appear to have 
had a short residence time in the sedimentary system due to the non-rounded nature of the grains, 
with the entire crystal remaining intact (mainly Grain # 3 and 8) (figure 3.5). However, analysis of 
grain #2 attained a lowermost Carboniferous age and appears fragmented with some abrasion on 
the left rim. This is indicative of either temporally short high energy transportation or of a longer 
history between source and deposition than the other grains. If this is the case, the minimum age of 
deposition may be younger than the Lower Carboniferous age determinations.  
The Lower Devonian – Uppermost Silurian grains show evidence for abrasion prior to deposition. 
Grain #1 has not been rounded however is only a fragment of a crystal (figure 3.5). Grain #2 is 
rounded and chipped indicating a long transport history between source and deposition (figure 3.5).  
Some of the grains have come from a Neoproterozoic source (Grain #5 and 10). These two zircons 
exhibit different structures (grain 5 – c, hb, ov; grain 10 prismatic and oscillatory) and different 
uranium concentrations (figure 3.5). They do however both appear to be rounded and chipped 
indicating long transport histories before deposition.  
There is no age which coincides with the Middle-Lower Ordovician age of structurally overlying 10-
08-21-01 sediment in the mélange. The detrital zircon age populations for the two sedimentary 
samples collected within the melange suggests the two samples shared no common source of 
detritus and thus may have developed in two primarily unrelated settings. This is consistent with 
sample 21-01 being deposited in the Late Ordovician in an immature island-arc setting well away 
from the influence of Gondwana while sample 21-02 was deposited sometime after the lowermost 
Carboniferous in close proximity to the margin of Gondwana, after the collision and accretion of the 
Gamilaroi terrane. Therefore two sediments have no direct relationship, no common sources, and 
thus developed in two primarily unrelated settings.  
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3.3.3 Sample 10-08-21-03 Basaltic dyke with felsic core, Port Macquarie 
 
3.3.3.1 Field Relations 
 
Sample 10-08-21-03 is from a basaltic-dyke cutting through the serpentinite at Oxleys Beach (Figure 
3.9 a). Chilled margins are seen at the contact between the dyke and the serpentinite. However, the 
dyke has been clearly deformed and offset by continued movement within the serpentinite. A felsic 
differentiate domain in the centre of the dyke (Figure 3.9 a) was selected for zircon dating. There is a 
possibility that this dyke was an intrusive of the Watonga Formation. An age determination of this 
dyke will help constrain the age and timing of serpentinization as it post-dates it (cross cutting 
relationship) but is still slightly affected by mélange deformation.  
The sample (Figure 3.9 b) was analysed for whole rock geochemistry before the whole sample was 
used for zircon extraction. Geochemical analysis shows high MgO (16 wt. %) and high CaO (14.23 wt. 












Figure 3.9 a) sampling location of a basaltic dyke with felsic differentiate used for zircon extraction; and (b) 













Figure 3.10 CL image of single zircon fragment analysed from sample 10-08-21-03. Analysis points and 
associated ages (in Ma) are indicated. 
 
3.3.3.2 CL Imagery 
 
Only was grain was determined as being suitable for analysis. This grain was a fragment of an 
oscillatory zoned and prismatic zircon. 
 
3.3.3.3 Results and Interpretation 
 
Two different ages are determined from dual analysis on the zircon fragment extracted from the 
felsic differentiate in sample 10-08-21-03. The fragment is prismatic and oscillatory zoned. The first 
analysis of the fragment on the end 206Pb/238U age of 417±12 Ma and is interpreted to be a result of 
Pb loss on the end of the fragment where the analysis was conducted. The second analysis gave a 
Neoproterozoic 206Pb/238U age of 665±17 Ma and is interpreted to be an inherited zircon. This result 







3.3.4 Tacking Point Gabbro (TP-208) 
 
3.3.4.1 Field Relations 
 
Between Tacking Point and Miners Beach well exposed intrusive rocks tare observed intruding into 
the cherts ascribed to the Watonga Formation.  The name Tacking Point Gabbro (TPG) was 
introduced by Och (2007) to describe a small pluton composed of rocks ranging from pyroxene-rich 
melanocratic gabbro to plagioclase-dominated leucocratic gabbro, gabbroic pegmatite and aplite. 
Many of these rocks are calc-alkaline gabbroic rocks and are referred to as the Tacking Point Igneous 
Complex (TPIC). The pluton is only exposed on the shore platform and in the intertidal area about 
200m north of Tacking Point. Irregular gabbroic dykes of the TPG cut through the Watonga 
Formation  and pendants of chert have been incorporated into the pluton and Tacking Point. The 
TPIC encompasses the Tacking Point Gabbro from which the melanocratic gabbro was collected for 
zircon extraction in this study. The aim is to acquire an igneous age of the TPG intrusive phase.  
Radiometric age constraints on the Tacking Point Gabbro indicate an Early Carboniferous age (359 ± 
11 Ma [K-Ar from actinolite in gabbro] E. Scheibner Geological Survey of NSW pers. comm. 1992, in 
Aitchison and Ireland 1995) whereas conodonts of possible Silurian (Ishiga et al. 1988) and 
Ordovician (Och et al. 2007 a) age  have been extracted from the host cherts. Also, zircons from 
“plagiogranite” collected from two localities at Port Macquarie gave a Triassic age (ca. 240 Ma) 
believed to constrain the minimum age of the pluton (Aitchison and Ireland 1995). Och et al. (2007) 
has correlated deformation and geochemical signatures between the Town Beach Diorite and the 
Tacking Point Gabbro with the Permo-Triassic Clarence River Supersuite to the west. This correlation 
has lead Och et al. (2007) to assign a Permo-Triassic age to the TPG. However, detailed mapping at 
Tacking Point by Parker (2010) showed there are several generations of intrusives at Tacking Point 
with the main gabbroic intrusive body being cut by later basaltic-felsic dykes similar to those 
intruding the serpentinite mélange  (sample 21-03) as well as lamprophyric dykes. While these 
intrusions occur in the same location, there are no clear genetic relations  between the intrusive 
phases and no evidence to suggest they were part of the same intrusive event. For this reason the 
context of any sample collected for geochronology is vital. Our samples were of the leucocratic 






Figure 3.11 a) sampling location for the Melanocratic Gabbro, Tacking Point; and (b) peridotite inclusion in 













Figure 3.12 CL image of primary igneous zircons extracted from TPG and analysed. Analysis points and 





















































Figure 3.13 Concordia diagram for analysis of primary igneous zircons extracted from the TPG.  
 














TP Tacking Point gabbro 
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Labels site U/ppm Th/ppm Th/U AGE 6/38 ± age6/38 
      TP-1.1 m,osc,p 597.73 857.55 1.43468 381.99 9.37 
      TP-1.2 e,osc,p 458.04 580.38 1.26708 391.16 8.59 
      TP-2.1 m,osc,p,fr 165.63 127.54 0.77002 391.99 11.42 
      TP-2.2 e,osc,p,fr 238.83 125.44 0.52521 386.57 11.53 
      TP-3.1 m,osc,p,fr 409.08 395.11 0.96585 386.42 13.86 
      TP-4.1 m,osc,eq,fr 129.76 67.5 0.52018 392.72 9.13 
      TP-5.1 e,osc,p,fr 430.97 402.49 0.93392 385.69 15.63 
      TP-5.2 m,osc,p,fr 368.15 339.2 0.92136 386.65 9.39 
     
388±7 95% conf. 
            MSWD=0.14 
 
3.3.4.2 CL Imagery 
 
CL images of the zircon crystals revealed that the zircons were oscillatory zoned igneous zircons with 
no inheritance and no overgrowths on individual crystals. While some of the grains had been 
fragmented (grains #2, 3, 4, and 5), none of the grains had been rounded or developed metamorphic 
rims.   
3.3.4.3 SHRIMP Analysis 
 
Dual analysis of 3 crystals and single analysis on 2 crystals gave a very consistent and precise 
206Pb/238U age estimation of 388 ±7  Ma (table 3.4). Grains 1, 2, 3 and 5 were prismatic, oscillatory 
zoned crystals. Grain #4 exhibited oscillatory zoning however was not prismatic in nature.  All age 
determination was within error of each other. 388 ± 7 Ma is a robust igneous age of the TPG.  
Table 4 SHRIMP analysis summary datasheet  for Tacking Point Gabbro. 
 
 
3.3.4.4 Interpretation  
 
The igneous Middle Devonian age of the TPG determined here disagrees with the Permo-Triassic age 
assignment, which was based on “look-alike” correlations by Och et al (2007). This age does however 
coincide with the age of the Gamilaroi terrane island arc. Geochemical evidence places the tectonic 
setting of formation of the TPG in an island arc setting (Chapter 5). The Carboniferous K-Ar actinolite 
age determination represents a younger thermal event. The Yarris terrane (c. 377 Ma, Aitchison and 
Ireland 1995) and TPG may be related as they are both igneous intrusions which both have 





3.3.5 Sample 10-08-21-06 (Rocky Beach Eclogite) 
 
3.3.5.1 Field Relations and Previous Dating  
 
Phacoids of high pressure/low temperature (HP/LT) metamorphic rocks are present within the Rocky 
Beach Metamorphic Mélange in up to 1m diameter phacoids (Figure 3.10). Included in these 
phacoids are eclogite, blueschist, omphacite and glaucophane schist (figure 3.11) which provide the 
best example of outcrop of this association in NSW (Och et al. 2007). A thin strip of Port Macquarie 
Serpentinite (PMS) separates two lenses of the mélange. Along this boundary small blueschist blocks 
are present in the PMS indicating local mixing between the two mélange types (Och et al. 2007). K-
Ar dating (Fukui et al. 1995) of phengite crystals introduced during retrograde blueschist 
metamorphism revealed an Ordovician age of 470 ± 10 Ma. Indicating, if correct, that substantial 
exhumation of the eclogite blocks at Rocky Beach had occurred by the Middle Ordovician (Fukui et 
al. 1995; Offler 1999). Dating of white micas from blueschist can be problematic and erroneous 
(Nowlan et al. 2000).  The eclogite blocks at Rocky Beach have not been directly dated, however 
current age constraints are based on association with the eclogite at Attunga.  No igneous age has 
been determined for the protolith which is believed to be of mafic igneous parentage (Och et al. 
2007). Several phases of metamorphism have been noted through detailed mineralogical studies 
(Och et al. 2003) and the path of the eclogite during subduction and exhumation has been mapped. 
Further age constraints are however key to understanding the spatial and temporal history of the 
eclogite. A primary age for the eclogite protolith would also give a maximum age for the beginning of 
subduction which lead to the metamorphism. This subduction is hypothesised to be intimately 
related with the ancient intra-oceanic island arc Gamilaroi terrane. Therefore the age of the mafic 
igneous protolith which parented the eclogite rock will constrain the beginning of subduction and 
island arc volcanism of the Gamilaroi terrane.  
The currently reported Ordovician age of the Rocky Beach Eclogite has been used as primary 
evidence to support  the hypothesis that secular cooling of the earth, and subduction geotherms as 
well, have stabilised eclogite assemblages since the Phanerozoic (Tsujimori et al. 2006 and 
references therein). A new age constraint for the Rocky Beach Eclogite would therefore have major 
significance not only for understanding of the evolution of the eastern margin of Gondwana, but also 
for the geothermal evolution of the earth. 
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Figure 3.14 Detailed 
geological map of 
northern Rocky Beach 
showing blocks of 
Watonga Formation and 
lenses of Rocky Beach 
Metamorphic Mélange 
enclosed in Port 
Macquarie Serpentinite 
sourced from Och et al. 
(2007). Sampling site of 
eclogite used for zircon 
extraction is indicated 
(10-08-21-06) in the lower 








































Figure 3.15 HP/LT rock of the Rocky Beach Metamorphic Me’lange: a) eclogite block from which sample was 
colected for zircon extraction; b) eclogite block with glaucophane schist cutting across; c) close-up of 
glaucophane vein cutting through ecloigte; d) >2mm garnet porphyroblasts in eclogite; e) blueschist phacoid; f) 











A lack of reliable dates for the HP metamorphic rocks in the southern NEO has been highlighted in 
recent research (Aitchison and Ireland 1995; Phillips and Offler 2010). However no new data or dates 
have been introduced to rectify this lack. It is for this reason that over simplistic models for the 
evolution of the HP rocks remains. One current model which is being enforced (Phillips and Offler 
2010; Offler and Murray 2010, in press) is an over-simplistic and untenable model of long lived 
subduction of a single west-dipping slab beneath the eastern margin of Australia. To be plausible, 
the blueschist/eclogite rocks would have to have been formed during the Ordovician-Silurian and 
hanging around in the upper crust for ~ 200 Million years before being exhumed without total 
regression (petrography of metamorphic rocks and discussion in chapter 4). A model suggesting slow 
exhumation of HP rocks, without all of them inverting to LP amphibolite or greenschist assemblages 
is hard to entertain. This concept appears to be model driven and is based on limited and potentially 
erroneous age data. New age constraints must therefore be presented to rectify this issue and 









































Figure 3.16 CL images of extracted inherited and metamorphic zircons from the Rocky Beach eclogite. Analysis 


































3.3.5.2 CL Imaging 
 
The zircons extracted from the Rocky Beach eclogite were mostly prismatic and oscillatory zoned 
grains (grains #10, 11, 4, and 7) (Fig. 3.16). Grains #7 and #4 are interpreted to be primary igneous 
zircons. Grain #12 had a disturbed core, and thus the outer portions were chosen for analysis. 
Fragmented grains were mostly prismatic and oscillatory zoned (grains #14 and #6) and in some 
cases (grains #1 and #8) were homogenous and dark.  
3.3.5.3 SHRIMP Analysis 
 
A range of ages were determined from inherited igneous and metamorphic zircons from the Rocky 
Beach Eclogite (Table 3.4). Single analysis on grain #1 (h,eq) gave an Archean 206Pb/238U age 
estimation of 2965 ± 68 Ma. Dual analysis of grain #2 gave two separate age determination which do 
not agree with error. Analysis 2.1, on the middle of an oscillatory zoned prismatic zircon (figure 3.13) 
gave a disturbed Proterozoic 206Pb/238U age estimation of 1600 ± 56 Ma, resting the estimation on 
the Meso/Paleoproterozoic boundary. Analysis 2.2 on grain #2 gave an undisturbed Neoarchean 
206Pb/238U age estimation of 2654 ± 6  Ma. The significantly younger Proterozoic age estimation may 
be a result of Pb loss. Dual analysis of the oscillatory zoned, prismatic grain #3 gave an igneous and 
an inherited metamorphic age. The igneous (analysis 3.2) Early Devonian 206Pb/238U age estimation 
of for grain 3 was 412 ± 11 Ma. Analysis 3.1 was of an inherited core of much older affinity within the 
igneous grain and gave a Neoproterozoic 206Pb/238U age estimation of 753 ± 29 Ma.  Analysis on the 
end of an oscillatory zoned, prismatic grain (grain #4) gave an Uppermost Permian (Wuchiapingian) 
206Pb/238U age estimation of 256 ± 8 Ma. Analysis of grain #5, on the centre of the oval shaped, 
rounded, oscillatory zoned crystal gave a disturbed Neoproterozoic (Cryogenian) 206Pb/238U age 
estimation of 779 ± 23 Ma. Dual analysis (analysis 6.1 and 6.2) of grain #6 gave agreed Upper 
Cambrian (Series 3) 206Pb/238U age estimations of 504 ± 10 Ma and 501 ± 18 Ma, respectively. Dual 
analysis of grain #7 (Analysis 7.1 and 7.2), on the end and middle of an oscillatory zoned, prismatic 
crystal gave an agreed Lowermost Triassic 206Pb/238U age estimation of 249 ± 7 Ma and 249 ± 5 Ma, 
respectively. Age determination of grain #7 agrees within error of the Uppermost Permian grain #4. 
Single analysis on the middle of grain #8, an oval shaped, rounded grain gave a Paleoproterozoic 
(Rhyacian) 206Pb/238U age estimation of 2131 ± 54 Ma. Single analysis on the end of grain #9, an 
oscillatory zoned, oval shaped crystal gave a Mesoproterozoic (Stenian) 206Pb/238U age estimation of 
1096 ± 32 Ma. Dual analysis of grain #10 (analysis 10.1 and 10.2), on opposing ends of an oscillatory 
zoned prismatic crystal gave agreed Upper Devonian – Lower Carboniferous 206Pb/238U age 
estimations of 355 ± 7 Ma and 336 ± 7 Ma, respectively. Dual analysis on the oscillatory zoned, 
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prismatic grain #11 (analysis 11.1 and 11.2) gave agreed Upper Devonian – Lower Carboniferous 
206Pb/238U age estimation of 348 ± 10 Ma and 352 ± 12 Ma, respectively. Dual analysis of grain #12 
(r,h,p), on opposite ends of the crystal gave agreed Neoproterozoic (Ediacaran) 206Pb/238U age 
estimations of 561 ± 17 Ma and 569 ± 11 Ma. Agreed dual analysis on the middle of grain #13 (sz, ov) 
gave 2 identical Neoproterozoic (Ediacaran) 206Pb/238U age estimations of 591 ± 16 Ma. Dual analysis 
on the end and middle of grain #14 (analysis 14.1 and 14.2), a fragment of an oscillatory zoned 
prismatic crystal  gave agreed Lower Carboniferous (Tournaisian) 206Pb/238U age estimations of  347 ± 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2106 Rocky Beach eclogite
(204-corrected data)






































Figure 3.17 a) 204-corrected data for (a) young (Phanerozoic) zircons from Rocky Beach eclogite, with none 
from in-situ metamorphism; and (b) 204-corrected data for all pre-metamorphic grains as determined by CL 
imaging (Figure 3.13). ‘In situ’ metamorphism indicates that the metamorphism occurred while inside the 
eclogite rock. Pre-metamorphic grains represent primary ages of the rocks from which they were sourced and 
do not date a metamorphic event.   
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Figure 3.18 cumulative gaussian distribution plot for young zircon grains. Data has been filtered for discordant 




The young Permo-Triassic age results of primary igneous zircons within the eclogite at Port 
Macquarie show that a re-appraisal of tectonic models is required. The presence of Permo-Triassic 
primary igneous grains within the eclogite indicates that metamorphism to eclogite facies couldn’t 
have occurred until at least the Permian-Triassic. This is younger than the Middle Devonian - Tacking 
Point Gabbro (388 ± 7 Ma). While the possibility of contamination of Permo-Triassic zircons (possibly 
as sand grains) during exhumation of the eclogite is considered, the next population of 
Carboniferous zircons within the eclogite also indicates much younger ages than the Ordovician ages 
obtained by K-Ar dating of phengite by Fukui et al. (1995). Exhumation of the eclogite within the 
serpentinte matrix mélange can only have occurred after the formation of the eclogite. Therefore 
the Permo-Triassic age constraint for the eclogite presented here has implications for the timing of 
melange development.  
There are two age pools from zircon within the eclogite which coincide with two of the age pools 
from sediment 10-08-21-02. The Lower Carboniferous ages from the eclogite coincide with the 
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Lower Carboniferous ages from sediment 10-08-21-02. Likewise, the Siluro-Ordovician ages coincide 
with the similar age pool from sediment 10-08-21-02 (c. 400-440 Ma). 
Beyond the context of the NEO and Gondwana, the Permo-Triassic age of the eclogite has 
implications for current models for secular cooling of the Earth since the Phanerozoic.  
3.3.6 Sample 10-08-22-02 Weraerai terrane plagiogranite dyke 
3.3.6.1 Field Relations and previous work 
The plagiogranite dyke collected from Barry Station is a SiO2 (>75%) and Al2O5 (>10%) rich felsic dyke.  
The plagiogranite dyke cuts across a leucogabbro (figure 3.15 a) which is believed to belong to the 
Cambrian (Aitchison and Ireland 1995) Weraerai terrane (emplacement age Permian – Aitchison and 
Ireland 1995). The leucogabbro was also sampled for geochemical analysis (sample 10-08-22-01; 
analysis ID: HONS244). In hand sample the high silica content of the plagiogranite can be seen 
(Figure 3.16 b).  
 
All three Weraerai terrane plagiogranite samples (from Manilla and Upper Bingara) dated by 
Aitchison and Ireland (1995) via SHRIMP yielded ages in the vicinity of 530 Ma, with a minimum age 
of 500 Ma being determined for the intrusion. Plagiogranite dykes from Yarras have given ages of 
377 ± 8 Ma, distinctly younger than the Weraerai terrane and slightly older than the radiolarian ages 
for overlying cherts (Aitchison and Ireland 1995). 
3.3.6.2 CL Imaging  
Due to the poor quality of the two zircon fragments extracted (Figure 3.20)  they were tested for 
Zr2O







Figure 3.19 a) Sampling site for plagiogranite dyke cutting through Weraerai terrane leucogabbro; and b) 














Figure 3.20 CL image of extracted zircons from the plagiogranite dyke intruding leucogabbro from Barry 
Station. Sample locations and associated ages are indicated. Due to the small size of the zircon fragments 
points are used to identify sampling location.  
 
3.3.6.2 SHRIMP Analysis 
 
Single analysis of two zircons fragments gave indistinguishable Neoarchean ages. Analysis 1.1 yielded 
a 206Pb/238U age estimation of 2735 ± 15 Ma. Analysis 2.1 yielded a 206Pb/238U age estimation of 2701 




These grains are inherited zircons. The Archean ages indicate intrusion through evolved crustal rock, 
probably of continental source. The plagiogranite dyke may have intruded through sheets which 
contain melted crustal material and have been emplaced in ophiolite. The presence of Archean 
grains in this leucogabbro indicates evidence for a different tectonic history than previously 
believed. Ultramafic crust may  have thrust over continental crust causing the thickened crust to 
experience extensions and sinking as mantle rose up from below. During this, granite sheets intrude 
due to heating and sediments in older continental crust are melted by rising magma. Included in this 
rising magma are inherited zircons from older sediments. An example of this occurring is in another 
tectonic setting is the Lizard peridotite in the UK (Nuttman 2000). 
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3.3.7 Sample 10-08-23-02 Gamilaroi Terrane Granite 
 
3.3.7.1 Field Relations and Previous Dating 
 
The basal unit of the Gamilaroi terrane in the upper Barnard region is a sequence of felsic volcanic 
tuffs up to 2000m thick (Stratford and Aitchison 1997). Radiometric data from this area indicate that 
these rocks are as old as Silurian (minimum ages of 436 ± 9 Ma and 411 ± 5 Ma Kimbrough et al. 
1993; 421 ± 10 Ma Aitchison and Ireland 1995). Overlying these basal volcanics are Lower Devonian 
limestone, conglomerate and pillow lava (Aitchison and Ireland 1995). The core intrusives of the 
Gamilaroi terrane have not been dated. On the 250K map for the Nundle region the intrusive rocks 
are labelled as being Permian. This is the age of Manning Group Diamictite which formed in basins 
resultant from strike slip faulting in the Permian. However,  field relations identified during an 
honours project focussed on mapping the latter suggested that this age assignment was not old 
enough (Buckman 1993). These field relations also lead to the interpretation of the intrusive granites 
as the core intrusive phases of the Gamilaroi ancient intra oceanic island arc. The age of the core 
intrusive granites of the Gamilaroi terrane will place a constraint on the beginning of subduction and 
related volcanism which lead to the formation of the island arc.  
Figure 3.21 a) Hand sample of the Gamilaroi terrane granite from Barry Station; and (b) CL image of rejected 
zircons extracted from sample.  
3.3.7.1 SHRIMP Analysis 
 
None of the zircon fragments produced reliable age determinations.  
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Chapter 4 - Petrology 
4.1. Introduction  
 
Detailed descriptions of the mineralogy and geochemistry of igneous rocks within the Gamilaroi 
terrane are provided by valance (1969), Offler (1982), Cross (1983), Morris (1988), Cawood and 
Flood (1989), Aitchison and Flood (1993), Stratford and Aitchison (1997). Detailed descriptions of the 
sedimentology and sedimentary petrology can be found in Stratford and Aitchison (1996). Detailed 
descriptions of petrology of the Port Macquarie HP Metamorphics can be found in Leitch (1980), 
Caprarelli and Leitch (2001), Fukui et al. (1995) Och et al (2003), Och et al (2007). 
4.2 Blueschist/Eclogite from Port Macquarie Serpentinite Mélange 
 
4.2.1 Introduction  
 
As lithospheric plates are subducted, rocks are metamorphosed under high-pressure and ultrahigh 
pressure conditions to produce eclogites and eclogite facies mineral assemblages (Baldwin et al. 
2004). Because chemical equilibrium is rarely fully achieved, eclogites may preserve in their 
distinctive mineral assemblages a record of the pressure, temperatures and deformation the rock 
was subject to during subduction and subsequent exhumation (conducted on the Rocky Beach 
Metamorphic rocks by Och et al. 2003).  Analysis of radioactive parent-daughter isotopic variations 
within minerals reveals the timing of these events (Baldwin et al. 2004; Fukui et al. 1991). Via this 
method, Fukui et al. (1991) determined the K/Ar age for muscovite (467±10 Ma) from a metabasite 
block from the Rocky Beach Metamorphic Mélange. Watanabe et al. (1993) and Fukui et al. (1995) 
concluded that the Middle Ordovician age probably closely accorded with that of the blueschist 
facies metamorphism (Och et al. 2007).  
The mechanism by which new minerals are formed and old minerals retrogress is cation exchange. 
During the prograde phase of the subducting protolith, increases in pressure cause cation exchange 
between minerals which influences mineral growth toward eclogite facies assemblage. During the 
retrograde phase of an exhuming protolith, cation exchange influences mineral growth toward 
amphibolite and greenschist facies assemblages. If exhumation is slow, then equilibria is achieved, 
theoretically, by complete regression to greenschist facies. If the exhumation rate is rapid, such as 
that influenced by diapirism of the buoyant serpentinite (Tsujaimora et al. 2007), then equilibria 
does not go to completion, resulting in a much vaster record of the metamorphic conditions 
experienced by the eclogite (Baldwin et al. 2004). Petrological analysis of the eclogite of the Rocky 
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Beach Metamorphic Mélange is therefore pivotal to this investigation into the tectonic history of the 
HP/LT rocks present in the RBMM. The conditions under which metamorphic facies and index 
minerals occur are outlined briefly in figures 4.1, 4.2 and 4.3. 
The 70m wide Rocky Beach Metamorphic Mélange contains metre scale phacoids of high pressure 
low temperature (HP/LT) rocks imbedded in chlorite-actinolite schist. The phacoids contain eclogite, 
glaucophane schist and omphacitite, which have been interpreted by Och et al. (2003) to provide 
evidence for four episodes of metamorphism, with mineral assemblages: M1 = actinolite-
glaucophane-titanate-apatite, M2 = almandine-omphacite-calcite ±quartz, M3 = phengite-
glaucophane-K-feldspar-quartz, and M4 = chlorite-actinolite-calcite-quartz-white mica ± albite ± talc. 
Och et al. (2003) interprets, that phases M1 - M3 occurred at a Neoproterozoic-Early Palaeozoic 
convergent plate boundary close to the eastern margin of Gondwana. Och et al. (2003) also suggest 
that peak metamorphic conditions were attained during the static phase M2 with temperatures of 
~560oC and pressures in excess of 1.8 GPa, equivalent to a depth of burial of at least 54 km. 
The HP/LT rocks collectively constitute a complete metamorphic history involving both prograde and 
retrograde blueschist facies metamorphism, separated by a state of eclogitic metamorphism 
(Parkinson 2010). The eclogite mineral assemblages have undergone varied degrees of retrogression 
as is revealed most clearly by careful analysis of garnet crystals, in thin section, on a petrographic 
microscope. Outcrop of retrogressed eclogite can be seen in Figure 3.15. Phacoids of blueschist with 
alternating greenschist are also found throughout the outcrop, they represent the partial 
retrogression of the blueschist facies into greenschist facies (Figure 3.15). 
Lawsonite is a mineral associated with other mineral typical of blueschist facies such as glaucophane, 
garnet, and epidote (Pawley et al 1996). These minerals they have been reported to commonly 
coexist in the HP/LT metamorphics of the Rocky Beach Metamorphic Mélange (Fukui et al. 1995; 
Pawley et al. 1996; Och et al. 2003). Lawsonite has been identified in many HP/LT rocks around the 
world as a late stage prograde mineral which may also occur during the peak (primary) phase of 
eclogite metamorphism (Brady 2001; Zucali and Lole 2011).  Lawsonite is a hydrous calcium 
aluminium sorosilicate mineral with the chemical formula CaAl2Si2O7(OH)2∙H2O. Lawsonite is 
significant as an index mineral for moderate‐high pressure (6‐12 kb) and low temperature (300 ‐ 400 
°C) (Clark et al. 2006). Lawsonite forms an orthorhombic prismatic crystal structure producing its 
distinguishing long tabular crystals which are easily confused with phengite as they both have a 
tabular habit and both have high birefringence in cross polarised light (CPL). Distinguishing lawsonite 
from phengite requires noting the amount of cleavage planes (phengite always has one strong 
cleavage and is less tabular [figure 4.7]; lawsonite is more tabular and has cross cleavage [figure 
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4.14]). Garnet is distinguished by having high relief in thin section and also, no pleichroism, and no 
birefringence, and in the Rocky Beach eclogite, the hexagonal shape of a well-developed 
porphyroblast is diagnostic. In the eclogite from Rocky Beach, lawsonite displays pleichroism from 
colourless to pale blue, depending on orientation (as the slide is rotated on the microscope mount). 











Figure 4.1 Temperature conditions under which various minerals are stable. Note the garnet phase is stable at moderate to high 
temperatures (~ 450
o 



























Figure 4.2 Diagram showing metamorphic facies in pressure-temperature space. Note the high pressures associated with blueschist and 











Figure 4.3 Metamorphic facies association diagram showing the conditions (temperature, pressure and depth) under which certain 
metamorphic facies are created. Note the inclusion of a third variable, depth. This diagram shows that in some cases, and that of 
blueschist rocks, high pressure metamorphism caused by deep burial is not always matched by high temperature. Source: 
http://homepage.usask.ca/~mjr347/prog/geoe118/geoe118.029.html 
 
In the diagram above (Figure 3.3) one can see temperature of metamorphism does not necessarily 
increase uniformly with depth and pressure, even though temperature and pressure within the curst 
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increase uniformly with depth. This is seen most clearly in blueschist facies where high pressure and 
deep burial are not accompanied by the high temperature metamorphism expected to be associated 
with such depths within the crust. The main reason for this is that, based on the isothermal cross 
section of an island arc  subduction zone (Tatsumi and Eggins 1995; Furukawa 1993) subducted slab 
takes approximately 30 – 70 million years to reach equilibrium between subduction and heating of 
the slab (Peacock 1991) (Fig. 2.8). Further heat is consumed by the reaction of the expelled fluids 
with the material in the mantle wedge to produce the altered mafic material, serpentinite. 
Serpentinite is clearly associated with subduction zones and is commonly found to occur together 
with eclogite and blueschist facies rocks (e.g. Port Macquarie Serpentinite, New Idria Serpentinite). 
The buoyancy of the newly formed serpentinite is a likely mechanism for the exhumation of the 
subduction related rocks along faults (Tsujimori et al. 2007), such as the Peel Manning Fault System 
in the southern NEO.  
4.2.2 Rocky Beach Eclogite 
 
The primary minerals identified in the eclogite from the PMSM are garnet, lawsonite, omphacite, 
aragonite, and metamorphic quartz. The secondary minerals identified within the eclogite are 
phengite, glaucophane, chlorite, biotite, epidote, pyrite and minor goethite. The mineral assemblage 
Garn + Omph ±  Laws + Arag + Qtz (key in table 4.1) is interpreted as the primary mineral assemblage 
representing a peak eclogite facies metamorphism, whereas the assemblage Pheng +Glauc +Chl + Bi 
+ Epi + Py ± Gthite formed during blueschist/amphibolite/greenschist facies retrogression. The basis 
used for mineral identification is summarised (table 4.1). 
Compositional banding between the two primary minerals garnet and omphacite can be seen in 
hand sample and in thin section (figure 4.4, 4.5). The bands range from 2–7 mm in thickness. 
Crystalline omphacite is also seen growing around garnet crystals. In some cases garnet and 
omphacite are intergrown. The structure of the banding and presence of intergrowth between the 
two minerals indicates that garnet and omphacite are part of the same, peak phase of 
metamorphism in the Rocky Beach eclogite. In some places chlorite/glaucophane veins cut across 
the omphacite and garnet composite bands (figure 4.5), indicating partial retrogression of the 
eclogite to blueschist/greenschist facies conditions. The intergrowth of the chlorite and glaucophane 
indicates that they are part of the same phase of metamorphism, or, as the vein is chlorite 
dominated it was possibly a retrograde glaucophane vein which has subsequently experienced 
retrogression to chlorite. Phengite is also present as retrograde mineral and appears together with 
glaucophane and chlorite. Chlorite forms psuedomorphs after garnet, is a major component of rinds 
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surrounding high-P phacoids and is the most abundant mineral in the schistose matrix of the 
mélange (Och et al. 2003). Chlorite is interpreted as a product of retrogressive metamorphism, or 
the M4 phase outlined by Och et al. (2003). Chlorite that has replaced eclogitic garnet typically shows 
berlin blue interference colours.  The chlorite ranges in composition from pycnochlorite to more Fe-
rich brunsvigate (Hey 1954) (Fig 4.11 and 4.12).  
Lawsonite is common in eclogite and blueschist and, rarely, forms inclusions in garnet (fig 4.6). This 
relationship has also been noted by Och et al. (2003). These inclusions indicate either in-situ growth 
or possibly that lawsonite developed as a prograde mineral prior to the eclogite facies assemblage 
Garn + Omph. The best preserved lawsonite occurs in the retrograde blueschist where it is present 
as long tabular and rhombic porphyroblasts with well displayed twinning (fig 4.7). The lawsonite 
porphyroblasts are growing into metamorphic quartz indicating the quartz. Quartz does not readily 
alter during metamorphism, indicating it is either an earlier prograde or possibly a metamorphosed 
detrital grain that was subducted with the protolith. Chlorite surrounds the prograde lawsonite and 
metamorphic quartz where the surrounding minerals have been predominantly altered to chlorite 
(fig 4.7). 
 In figure 4.6, aragonite is growing both around and into the garnet crystal. Retrograde minerals 
which replace garnet do so by first corroding the rims of the porphyroblast, and then infiltrating 
fractures where retrogression becomes more severe (section 4.5.2.1). For the lack of this 
relationship between the aragonite and garnet, the aragonite appears to be an intergrowth with the 
garnet which has occurred as part of the same phases of metamorphism as the garnet and 
lawsonite. The relationship identified here is evidence for the primary eclogite mineral assemblage: 
Garn + Omph ± Laws ± aragonite. The ‘±’ defines the mineral as recessive, after the dominant garnet 











Table 4.1 Abbreviations used for mineral labelling in thin sections.  
Abbreviation Mineral Identification 
Glauc Glaucophane Lavender blue in PPL, columnar habit 
Garn Garnet Euhedral-subhedral, high relief, brown in RL and PPL, 
black in CPL 
Py Pyrite Isometric and opaque, cubic, brassy yellow in RL 
Laws Lawsonite Orthrombic and biaxial, moderate-high positive relief, 
tabular and prismatic, 2 perfect cleavages, blue-
purple-grey pleichroism. 
Arag Aragonite Low negative to high positive relief depending on 
orientation (seen upon rotation), 120o cleavge 
Pheng Phengite  Moderate positive relief, pink+blue+purple 
pleichroism, tabular, sometimes bent crystals 
Bi Biotite Moderate to high positive relief, brown in PPL, perfect 
cleavage {001} seen in thin section 
Chl Chlorite Moderate-moderately high positive relief, multiple 
forms (depending on alternating T-O-T layers), pale 
green in PPL, blue and brown in CPL, perfect cleavage 
{001}  
Omph Omphacite High positive relief, pale-green in PPL, pleichroic – pale 
green to blue green in CPL. 
Gthite Goethite  
Qtz Quartz Low positive relief, granular form irregular in 
metamorphic rocks, no birefringence or refraction 
Epi Epidote High positive relief, pleichroic – yellow, green and 





Figure 4.4 a) Plane polarised (PP) and (b) cross polarised (XP) photmicrographs of eclogite showing contact between 
composite bands of garnet and omphacite. Contact line can be seen running through the centre of the image. Retrograde 
pyrite is also present. Blue chlorite is present growing in fractured garnet in PPL image (top left). Sample 10-08-21-06. 
Figure 4.5 a) PP and (b) XP photmicrographs of retrograde eclogite showing hydrous chlorite/glaucophane vein (blue vein 
in CPL) cutting across the omphacite band (centre of image) connecting two of the parallel garnet rich bands. Sample 10-
08-21-06. 
Figure 4.6 a)  PP and (b) XP photmicrographs of blueschist showing lawsonite inclusion and aragonite intergrowth 
in a blueschist from the PMSM. Aragonite is the high pressure equivalent of calcite and can be distinguished 
from calcite by its different crystal structure; aragonite is biaxial and has low negative and high positive relief 
depending on orientation (seen while rotating the mount), calcite is uniaxial. All three aragonite, garnet and 
lawsonite crystal growth is occurring at the same time suggesting they occurred as part of the same phase of 
metamorphism. Sample 10-08-21-07. 
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Figure 4.7 PP and (b) XP photmicrographs showing retrogression of omphacite by amphibole (top right of CPL image). 
Garnet is being replaced by chlorite. Sample 10-08-21-06. 
 
Within retrograde eclogite evidence for a range of alteration conditions are preserved in composite 
omphacite bands. In figure 4.6 the primary omphacite and prograde-primary lawsonite have been 
almost completely altered to retrograde biotite, chlorite, glaucophane and pyrite (Fig. 4.8). 
Glaucophane is overprinted on the lawsonite crystal indicating the lawsonite is being regressed to 
glaucophane. Glaucophane itself is being altered to biotite which is overprinting the glaucophane in 
the centre of the image and therefore must represent a slightly later, lower grade phase of 
regressive metamorphism. The pyrite in the top left of the image has crystallised after chlorite and 
glaucophane as indicated by its imprintation (Fig. 4.8). In some cases the retrograde minerals 
glaucophane, biotite and pyrite have become the dominant assemblage (Fig.  4.12).  
Zircon crystals are present as an accessory mineral within the retrograde eclogite (Fig. 4.9). Zircons 
were extracted from the eclogite and used for SHRIMP analysis (chapter II) determining the age of 
the eclogite protolith as Permo-Triassic. The zircon crystal (Fig. 4.9) is surrounded by retrograde 
phengite which is also surrounding garnet porphyroblasts. It is not known whether this particular 
zircon is metamorphic, igneous or inherited, however the crystal appears to be prismatic and 
primary in nature.  
Replacement textures are caused by chlorite invading the aragonite mineral during retrogression 
(Fig. 4.10). Aragonite veinlets sometime form within the omphacite bands indicating the aragonite 
growth phase may have continued once the omphacite stability field had passed (Fig .4.11). In some 
cases epidote has been imprinted on aragonite (Fig. 4.13) and often forms rims around the outside 
























Figure 4.8 a) PPL and (b) CPL image of eclogite showing primary omphacite + lawsonite and retrograde glaucophane + 
chlorite + biotite and pyrite. Opaque pyrite in the top right hand corner of the image; retrograde brown biotite is the radial 
mineral seen centre of the image. Note the rich blue colour of the chlorite in the CPL image (bottom central) compared 
with the weak green in PPL. Sample 10-08-21-06. 
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Fig 4.9 a) CPL and (b) PPL image of zircon in eclogite. Zircon appears to be growing over metamorphic quartz which is 
















Figure 4.10 XP photomicrograph of retrogression of aragonite, lawsonite and omphacite. Chlorite and pyrite are growing 
where a composite omphacite band once existed and fragmented traces still remain.  Chlorite is replacing aragonite in the 
top left of the image and causing replacement textures to form (squiggly chlorite growths in aragonite). Lawsonite has 



















Figure 4.12 a) PP and XP photomicrographs of retrograde eclogite showing glaucophane, biotite and pyrite in eclogite. 
 
Figure 4.13 a) PP and b) XP photomicrograph of retrograde eclogite showing retrograde biotite, chlorite and epidote 
beginning to alter primary aragonite and lawsonite (lawsonite = top right of images). Primary omphacite can be seen in the 















4.2.2.1 The garnet record of eclogite facies retrogression 
 
Careful analysis of retrogressing garnet porphyroblasts in the eclogite from the Rocky Beach 
Metamorphic Mélange allows the progression of retrogression to be recorded. Phengite often 
surrounds the garnet porphyroblasts within the composite garnet bands where the garnet 
porphyroblasts prior to chlorite or biotite alteration (Fig. 4.7, 4.14). This forms a phengite matrix 
within the garnet bands which exists in stability until conditions reach those which influence further 
alteration. The garnet composite band can be described as primarily garnet and phengite. 
Retrogression (alteration) of garnet in an exhuming eclogite begins with initial rim alteration and 
minor fracturing of the garnet, and results in complete fracturing and infiltration of retrograde 
minerals (Fig 4.14 – 4.16). Early phases of alteration of garnet are demonstrated by biotite and 
chlorite attacking the outer rims of the garnet crystal, which is beginning to fracture as P/T 
conditions decrease (figure 4.14). Glaucophane is also seen here growing over the garnet crystal (top 
right of Fig. 4.14, 4.17). The garnet crystal in the lower left of Fig. 4.14 has had biotite and chlorite 
infiltrate into a fracture whereas the larger garnet crystal in the left of the image has had minor 
alteration around the rims. Although lawsonite may be part of a prograde assemblage in some cases, 
it commonly occurs as part of the same phase as garnet and omphacite and the relationship 
between the three minerals is almost always stable, indicating they belong to the same phase 
(primary eclogite assemblage). The retrograde brown biotite appears to be altering the lawsonite in 
the top of the image in Fig. 4.14 (seen most clearly in CPL), enhancing the interpretation that 
lawsonite represents an earlier phase than the retrograde assemblages. The intermediate alteration 
phase of the garnet is characterised by internal fracturing of the porphyroblast and infiltration of 
phengite (Fig. 4.15), after the initial infiltration of chlorite and biotite (Fig 4.14). Within the garnet 
fractures the chlorite can be seen to infiltrate young fractures as phengite follows through mature 
fractures (Fig 4.15). More altered examples still display the phengite matrix however fragmentation 
and regression of the garnet is more severe (Fig.  4.7). In late stages pyrite may grow into 
retrogressing garnet (Fig. 4.18). 
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Figure 4.14 a) PP and b) XP photomicrograph of retrograde eclogite showing initial stages of garnet alteration at the high 
grade metamorphic mineral is regressed to lower grade greenschist and amphibolite facies minerals. Note the lawsonite 
matrix surrounding the garnet crystals. Sample 10-08-21-06. 
Figure 4.15 a) C PP and b) XP photomicrograph of retrograde eclogite showing intermediate stage of alteration and 
regression to lower grade greenschist and amphibolite facies minerals. Note the lawsonite matrix has been altered to 
phengite. Sample 10-08-21-06. 
 
Figure 4.16 a) PP and b) XP photomicrograph of retrograde eclogite showing late stage and almost complete alteration of a 
garnet crystal. The retrograde chlorite, biotite and phengite have almost completely altered the garnet. The omphacite 






Figure 4.17 a) PP and b) XP photomicrograph of garnet being altered by chlorite and biotite, early phase. Sample 10-08-21-
06. 
 















4.2.3 Rocky Beach Blueschist  
 
The thin section, samples of blueschist from the Rocky Beach Metamorphic Mélange show mineral 
associations not presented in the eclogite sample. One of these is the transition from prograde 
(lawsonite) metamorphism to peak (eclogite) metamorphism.  Omphacite and epidote grow over 
the prograde lawsonite indicating the transition from prograde to eclogite facies assemblage (Fig. 
4.9). Hydrogarnet veins commonly cut across the prograde lawsonite matrix (Fig.  4.9, 4.10). The 
hydrogarnet is common in the blueschist sample and sometimes has aragonite intergrowths (fig 
4.10). Evidence for the late stage retrogression to almost complete greenschist facies can be seen, 
with the formation of second, granular and brown, chlorite not seen in the eclogite (Fig. 4.21, 4.22). 
The two types of chlorite occur together; however, as the granular chlorite is not apparent in the 
eclogite, it appears that the brown chlorite belongs to a slightly later phase of retrogression. In the 
blueschist, glaucophane is altered to chlorite (Fig. 4.21, 4.22), as is phengite (Fig. 4.21). 
Metamorphic quartz (quartzite) and unaltered aragonite and lawsonite are more common in the 
blueschist than in the eclogite (Fig. 4.23, 4.24, 4.25, 4.26,). Quartz is not readily altered in HP/LT 
settings. Rather it occurs as its metamorphic equivalent, quartzite.  
The late stage retrogression in the blueschist rock indicates a number of progressions in 
metamorphic assemblage (Fig 4.11, 4.21). Phengite is altered to form chlorite (Fig. 4.11) after 
coexisting during higher grade conditions during which the two minerals were involved in the 
alteration of primary garnet (Fig.  4.11). Likewise, glaucophane is altered to chlorite (Fig. 4.12). 
Phengite, chlorite and biotite are present together as retrograde assemblage which regresses 
garnet.  Phengite and glaucophane are higher grade minerals than chlorite and thus are not stable at 
the same low P/T conditions experienced at late stages of exhumation. Therefore another regression 
relationship is noted. This relationship is: 
Peak (eclogite) Garn + Omph   (regression) Chl +Bi +Pheng + Glauc  Chl + Bi  Chl (greenschist) 
 
Accessory aragonite is present within the retrograde blueschist and eclogite (Fig. 4.12, 4.13). The 
aragonite is an accessory primary mineral which is part of the eclogite assemblage. Primary 
aragonite alters the prograde lawsonite (Fig. 4.13) providing further evidence for lawsonite being a 
prograde mineral. In Fig. 4.12 the aragonite is being altered to chlorite and phengite. Aragonite is 
being altered to chlorite as regression continues (Fig 4.12, 4.13). This evidence highlights the 




Laws  Arag  Pheng + Chl   Chl 
 
 
Figure 4.19 a) XP and b) XYXP photomicrograph of lawsonite, epidote, omphacite and hydrogarnet in retrograde eclogite. 
Hydrogarnet and omphacite are corroding the prograde lawsonite indicating the transition from prograde to eclogite 
assemblages. Epidote is intergrown with the lawsonite indicating it is possibly part of the prograde phase as well as 
retrogression phase. Sample 10-08-21-05. 
Figure 4.20 a) PP and b) XP photomicrograph showing eclogite-assemblage hydrogarnet vein with aragonite intergrowths 









Figure 4.21 a) PP and b) XP photomicrograph showing late stage regression of retrograde blueschist to greenschist facies 
assemblage. Phengite is being altered to chlorite. Two forms of chlorite (brown granular and blue fibrous in CPL)  are 
present and are seen most clearly in the CPL image. Sample 10-08-21-05. 
Figure 4.22 a) PP and b) XP photomicrograph showing almost complete regression of retrograde blueschist to greenschist 
facies assemblage. Glaucophane (seen in the PPL image) is being altered to chlorite and only remnants remain. Sample 10-
08-21-05. 
Figure 4.23 a) PP and b) XP photomicrograph image of metamorphic quartz, lawsonite and aragonite. Note the excellent 
example of the 120
O 
Cleavage of aragonite in the top right of the PPL image. Chlorite has infiltrated the aragonite and 





Figure 4.24 a) PP and b) XP photomicrograph image of retrograde lawsonite in blueschist. Note the orthorhombic prismatic 
crystal structure that produces tabular crystals which form dimensions that are thin in one direction, both with two perfect 
cleavages. Also note the undulose extinction of the quartz in the mid-bottom of the image. This is indicative of 
metamorphic quartz. The concave cusp on the quartz crystal shows evidence of the lawsonite crystal growing out of the 
quartz crystal. In the top third of the image blue chlorite is present. Sample 10-08-21-05. 
Figure 4.25 a) PP photomicrograph showing accessory primary minerals quartz and aragonite in retrograde blueschist; and 
b) XP photomicrograph   showing retrogression of prograde lawsonite by primary aragonite (clearest in bottom centre of 









Figure 4.26 PP photomicrograph Intergrowths of aragonite and lawsonite. Lawsonite has inclusions of possible kyanite 





Petrographic analysis of blueschist and eclogite has identified multiple phases of metamorphism. 
These phases include a prograde phase, P1, a peak phase, P2, an early stage retrogression phase, R1, 
an intermediate retrogression phase, R2, and a late stage retrogression phase, R3. Some of these 
minerals occur as primary in more than one phase. Lawsonite experienced crystallisation during P1 
and P2, epidote crystallised as part of P1, before returning as a retrograde mineral during R2.   
The prograde phase is recorded by Lawsonite, epidote and aragonite. In the blueschist epidote is 
intergrown with lawsonite which has subsequently been partially prograded to hydrogarnet and 
omphacite (Fig. 4.19). Aragonite and Lawsonite are also intergrown (Fig. 4.25, 4.26). Coesite is 
present throughout many of the metamorphic settings, however as it does not readily alter is not 
considered to be a distinguishing mineral. 
As in many cases for eclogite, the peak eclogite phase consisted primarily of Garnet and Omphacite 
(phengite bearing eclogite in the Dabie Mountains, central China, Carswell et al. 2004; Eclogite from 
the Sambagawa Metamorphic Belt, Japan, Takasu 1984; eclogite from the coesite-bearing unit of the 
southern Dora-Maria Massif, Western Alps, Nowlan et al. 2000; Tso Morari eclogite, Himilaya, 
Sigoyer et al. 1992; eclogite from Altyn Tagh, northwestern China, Zhang et al. 2001; eclogite of the 
Su-Lu ultrahigh-P metamorphic terrane, eastern China, Zhang et al. 1995; coesite bearing eclogite 
from Henan Province, central China, Zhang et al. 1995).   
In summary the major phases of metamorphism consist of the following mineral assemblages: 
P1 = Laws + Arag + Epi 
P2 = Garn + Omp ± Laws ± Arag 
R1 = Pheng + Epi + Glauc + Bi + Chl 
R2 = Pheng Glauc + Bi + Chl  
R3 = Chl + Py + Goeth 





 P1 P2 R1 R2 R3 
Garn  x    
Omph  x    
Laws x x    
Arag x x    
Qtz (coesite) x x x x x 
Epi x  x   
Pheng   x x  
Glauc   x x  
Bi   x x  
Chl   x x x 
Py     x 
Goeth     x 
Table 4.2 Five mineral assemblages interpreted to represent 5 different stages of metamorphism; P1 = Prograde phase 
during subduction; P2 = Peak metamorphic phase representative eclogite facies P/T conditions; R1 = first stage of 
retrograde metamorphism during exhumation, representative of amphibolite facies metamorphism; R2 = Intermediate 
retrograde phase representative of epidote-amphibolite P/T conditions; R3 = Final retrograde phase and representative of 
greenschist facies metamorphism.  
 
The retrograde phase of garnet is systematic and chemo-physical. 
Garn  Bi + Chl + Pheng 
Garnet is first corroded and the infiltrated by Biotite, which is followed by the infiltration chlorite 
into retrograde cracks, and is finally infiltrated by Phengite. The physical fragmentation of the garnet 
by infiltration of retrograde cracks is coupled with cation exchanges between the garnet and 
retrograde minerals. The retrograde phase of garnet is thus chemo-physical. 
The eclogite preserves evidence of prograde mineral assemblages, peak metamorphic eclogite facies 
assemblages, and retrograde amphibolite and greenschist facies assemblages. Slow exhumation 
leads to equilibria achieved by complete retrogression to greenschist/amphibolite facies 
assemblages. The presence of prograde, eclogite and retrograde metamorphic assemblages together 
within the retrograde eclogite indicates that relatively rapid exhumation was experienced soon after 
their formation which from the youngest population of zircons present must have been after Permo-
Triassic. This evidence conflicts with a long standing simplistic model suggesting the eclogite rocks 
remained suspended in the upper crust for some 200 million years, during which the long lived 
subduction of a single west-dipping slab beneath the eastern margin of Australia occurred (Och et al. 
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2003; Phillips and Offler 2010; Offler and Murray 2010 in press). This model does not adequately 
consider the effects of exhumation rates on retrogression of eclogite facies assemblages, which are 
interpreted here to indicate rapid exhumation of the Rocky Beach Eclogite soon after the Permo-
Triassic.  
4.3 Gamilaroi Terrane Granite, Trondjhemite and Mineralisation  
 
The felsic intrusives which make up the core of the Gamilaroi terrane include granite, trondjhemite 
and granidiorite. While compositions vary, the granitoids are composed mainly of quartz, feldspar, 
magnetite, biotite and minor amounts of calcite, epidote, and magnetite (Fig.4.27, 4.28). The 
Gamilaroi terrane granites have experienced minor to intermediate chlorite alteration (4.27, 4.28). 
Magnetite is a relatively common mineral in the Gamilaroi terrane granites and trondjhemites. The 
granite/trondjhemite which makes up part of the core intrusive components of the Gamilaroi 
terrane at Barry has malachite visibly disseminating out of exposed outcrops (Fig. 4.32). These 
outcrops have been tectonically brecciated along a fault line. This fault line connects with other 
brecciated faults in which mineralisation has been concentrated. Heavily mineralised quartz veins 
containing large sulphides and malachite here appear to be a product of hydrothermal activity, 
which has concentrated mineralisation along the fault line. These mineralised quartz veins were 
analysed for whole rock geochemistry, which indicated economic grades of Cu (>1.5 wt. %). 
Chalcopyrite, malachite and quartz (Fig. 4.30) are the dominant minerals in these hydrothermally 
mineralised rocks. Orthpyroxene is common in the trondjhemite, however is not common in the 
other Gamilaroi granites at Barry.  
At present it is difficult to differentiate between mafic phases of the Weraerai and Gamilaroi 
terranes at Barry because of a lack of detailed geochemical and geochronological studies. Samples 
for this study relied on the detailed mapping and subdivisions of Buckman (1993) for rocks of the 
Weraerai and Gamilaroi terrane at Barry with the aim of testing their genetic relationships, if any. 
Gamilaroi gabbros are coarse grained and consist of large phenocrysts of olivine and clinopyroxene 
and, commonly, magnetite (Fig. 3.42). The intrusive gabbro of the Gamilaroi terrane is the only 
intrusive rock collected from Barry which does not display any evidence of chlorite alteration. The 







Figure 4.27 a) PP and b) XP photomicrograph showing plagioclase, epidote, calcite, chlorite, K-feldspar, quartz and 
chromite (opaque in CPL image). Minor chlorite alteration and magnesite can be seen in the bottom right hand corner of 
the images. Sample 10-08-23-02. 
Figure 4.28 a) PP and b) XP photomicrograph of Gamilaroi terrane granite showing epidote, magnesite and large amounts 
of K-feldspar and plagioclase with intermediate chlorite alteration. Sample 10-08-23-02. 
Figure 4.29 a) PP and b) XP photomicrograph of mineralised granite trondjhemite from the core of the core intrusive phase 
of the Gamilaroi terrane. K-feldspar and quartz are common, as is orthopyroxene, which is not seen regularly in the other 
Gamilaroi granites at Barry. Amphibole and epidote are also present. The purple mineral in the bottom left of the CPL 




Figure 4.30 a) PP and b) XP photomicrograph showing large mineralisation of malachite within Gamilaroi trondjhemite. 










Figure 4.31 a) PP, b) XP and c) RL photomicrograph of chalcopyrite with goethite, hematite and malachite alteration. This 
sample gave economic results for Cu of 1.5 wt. % and has not yet been assayed. Weathering has caused the Cu ore to 





Figure 4.32 a) high in the topography at Barry where a fault line has brecciated the trondjhemite; and b) Cu-malachite 
disseminating out of a brecciated trondjhemite at the junction between Barnard and Back Rivers 
Figure 4.33 a) CPL and b) PPL image of Gamilaroi terrane gabbro showing large phenocrysts of clinopyroxene, olivine and 
magnesite.  
 
4.4 Weraerai Terrane Intrusives at Barry 
 
There is a complex relationship between the Weraerai terrane intrusives at Barry. Swarms of 
plagiogranite dykes, some with amphibole reaction rims intrude leucogabbro (Fig. 4.34). Basaltic 








Figure 4.34 Characteristic Weraerai terrane with swarms of plagiogranite dykes intruding leucogabbro. 
The intrusive rocks of the island arc ophiolite Weraerai terrane at Barry include gabbro, 
plagiogranite, dolerite and basalt. The dolerites of the Weraerai terrane range from medium to fine 
grained and have experienced intermediate degrees of chlorite alteration (Fig. 4.35, 4.36) and minor 
sericite alteration (Fig. 4.36). The minerals present within the dolerite include amphibole, 
plagioclase, chlorite, magnetite, quartz and sericite (Fig. Geochemistry (Chapter 5) indicates high 
Fe2O5, CaO and Al2O5.  The microcline is distinguished from common plagioclase by charactersitc 
“tartan cross-hatching” (Fig. 4.41). The Weraerai plagiograintes are composed of quartz, K-feldspar, 
plagioclase and microcline, and chlorite. These plagiogranite have undergone intermediate chlorite 
alteration (Fig. 4.37, 4.38, 4.39, and 4.40). Myrmikite structures are common within the 
plagiogranite. The term “Myrmikite” describes a vermicular, or wormy, intergrowth of quartz in 
plagioclase, which indicates that the plagiogranite underwent some degree of tectonic deformation. 
In some cases large laths of chlorite appear to be discriminatorily altering plagioclase, maintaining a 
shadow of the characteristic plagioclase twinning (Fig 4.43). One of the intrusions thought to be a 
plagiogranite has revealed high SiO2 values (>75 wt. %), and commonly has feldspar in its mineral 









Figure 4.35 a) PP and b) XP photomicrograph of Weraerai terrane dolerite showing chlorite alteration. Chlorite is 
surrounded by laths of unaltered plagioclase. Sample 10-08-22-06. 
Figure 4.36 a) PP and b) XP photomicrograph of Weraerai dolerite showing epidote, biotite, magnesite, sericite and 
chlorite. Sericite and chlorite are alteration products. Chlorite alteration appears to be quite rigorous.  Sample 10-08-22-06. 
Figure 4.37 a) PP and b) XP photomicrograph of Weraerai terrane plagiogranite showing quartz, K-feldspar, plagioclase-





Figure 4.38 a) XP and b) XP photomicrograph of Weraerai terrane plagiogranite showing chlorite alteration, amphibole and 
K-feldspar; and b) epidote vein, amphibole, and myrmekite structures between plagioclase and K-feldspar. Sample 10-08-
22-02. 
Figure 4.39 a) PP and b) XP photomicrograph of Weraerai terrane plagiogranite showing amphibole, plagioclase, quartz, 
and chlorite. Chlorite is alteration product. Sample 10-08-22-02. 
Figure 4.40 a) PP and b) XP photomicrograph of plagiogranite showing high concentration of quartz, some chlorite and K-







Figure 3.41 a) PP and b) XP photomicrograph of Weraerai terrane plagiogranite showing myrmekite structures between K-
feldspar and plagioclase. In this image, “K-felds” is in fact an amphibole.  
Figure 3.42 XP and b) XP photomicrograph showing well developed “tartan cross hatching”, or cross hatched twinning 









Figure 3.43 XP photomicrograph of plagiogranite showing a large lath of chlorite which is interpreted to have replaced 





Porphyritic basaltic dykes cut through leucogabbro and plagiogranite along the Barnard River, at the 
central Point of Barry Station. The basaltic dykes consist of a fine-grained matrix with rare large 
calcite phenocrysts and some chromite (Fig. 4.44). Chlorite alteration is common throughout the 
basalt and has severely altered the calcite in Fig. 3.44. 
 
Figure 3.44 a) PP and b) XP photomicrograph of Weraerai terrane basalt showing chromite, calcite and chlorite. Aragonite 
has experienced chlorite alteration.  
 
4.3.3 The tacking Point Gabbro 
 
Petrographic analysis was not conducted for the Tacking Point Gabbro in this study. Detailed 
petrology of the Tacking Point Gabbro can be found in Och et al. (2007 a) and Parkinson (2010).The 
TPG is a small outcrop of pyroxene-rich melanocratic  gabbro to plagioclase-dominated leucocratic 
gabbro which crops out approximately 200m north of Tacking Point. The outcrop is thought to be 
the top of an extensive pluton (Och et al. 2007a), however a geophysical investigation has not been 
conducted to confirm this. In past literature, the leucocratic gabbro has been referred to as coarse 
grained, brown hornblende-clinopyroxene-biotite-bearing diorite (Barron et al. (1975). The chert 
dominated Watonga Formation encompasses the TPG. Previously, it was believed that the TPG was 
of Early Carboniferous age (359 ± 11 Ma [K-Ar from actinolite in gabbro]; E. Scheibner Geological 
Survey of NSW pers. comm. 1992 in Aitchison and Ireland [1995]). However, radiometric data 
presented in chapter 3 (SHRIMP analysis of igneous zircons extracted from the TPG), reveals that the 





CHAPTER 5 - GEOCHEMISTRY 
5.1 Introduction 
 
Trace element and major oxide geochemical analysis of igneous rocks is a valuable method in 
determining the petrogenesis of a rock and the tectonic setting in which it was formed. A 
combination of geochemical,  petrological and geochronological analyses allows a well-supported 
tectonic history of the rock to be interpreted. Geochemical analysis of eclogite and blueschist 
metamorphic rocks gives insight into the protolith source components, as fluid flow and mixing is 
limited during eclogite and high-grade blueschist facies metamorphism (Phillipot 1993). 
5.1.1 Gamilaroi terrane  
 
Previous extensive geochemical studies of the Gamilaroi rocks have been conducted by Aitchison 
and Flood (1992), Stratford and Aitchison (1996) and Stratford and Aitchison (1997) using samples 
collected from the Nundle area, Pigna Barney and Glenrock Station. Igneous rock geochemical data 
provide an effective basis for determining if rifting has taken place in an ancient island arc (Stratford 
and Aitchison 1997). Geochemical analyses of volcanic rocks in the Gamilaroi terrane reveal several 
phases of arc activity (including rifting) within an intra-oceanic island-arc terrane (Stratford and 
Aitchison 1997). Geochemical data (rare earth element (REE) and trace element compositions) 
indicate that the Devonian rocks of the Gamilaroi terrane were erupted in an intra-oceanic island-arc 
(Cross 1983; Morris 1988; Stratford and Aitchison 1997). Research into the geochemistry Gamilaroi 
terrane provides an example of the potential use of geochemical data to identify other ancient intra-
oceanic island-arc rift-suites (Stratford and Aitchison 1997). Rifting is a significant, large sale, 
complex and common process in modern intra-oceanic island arcs (Taylor et al. 1992; Hawkins et al. 
1994; Clift 1995). Rocks formed in intra-oceanic island-arc-rift settings should also be preserved in 
areas that are no longer clearly associated with island arc processes (Stratford and Aitchison 1997). 
Volcanic massive Kuroko type mineral deposits are commonly associated with intra-arc rifting 
(Cathles et al. 1983) and therefore identifying arc rift sequences have potential for base metal 
exploration. The applications of geochemical analysis of the Gamilaroi terrane described above are 
not all addressed here however are provided as a background. Rather, the use of geochemistry to 
provide further evidence for an island arc setting of formation, from new sample data, is applied.  
The igneous rocks of the Gamilaroi terrane range in composition from basalt to rhyolite (Stratford 
and Aitchison 1997), and as so differentiation in the field between Gamilaroi gabbros and the 
gabbros of the Weraerai terrane is difficult. 
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5.1.2 The Weraerai terrane 
 
The Weraerai terrane is a low Ti tholeiitic suprasubduction zone ophiolite analogous to those within 
the Lachlan Fold Belt (Aitchison and Ireland 1995). Ophiolitic rocks of the Weraerai terrane occur 
along and east of the Peel Manning Fault System from Warialda southwards to Nundle then 
southeast to the coast near Taree, a distance of over 300 km (Figure 1.2). The ophiolite is 
characterised by schistose serpentinite-matrix and ophiolitic mélange, and constitutes are wide 
variety of ultramafic and mafic blocks including serpentinized harzburgite, cumulate ultramafic and 
mafic rocks, intrusive gabbro, plagiogranite, dolerite and, rarely, basalt (Aitchison and Ireland 1995).   
5.1.3 The Tacking Point Gabbro (TPG) 
 
Detailed geochemical analysis of the Tacking Point Gabbro has been conducted by Och et al.(2007 a) 
and Parkinson (2010). This chapter does not intend to provide an exhaustive geochemical analysis of 
the TPG, rather, this chapter aims to identify the tectonic setting in which the TPG was formed. This 
is necessary in light of new radiometric data (SHRIMP data from igneous zircons) presented for the 
TPG in chapter 2. The SHRIMP data indicates a Middle Devonian age (388±7 Ma) clarifying, within 
reasonable certainty, that the TPG has an indistinguishable age to that of the Gamilaroi terrane. This 
chapter aims to correlate the Gamilaroi terrane with the TPG by presenting geochemical evidence 
for formation in an island-arc setting.   
5.1.4 Blueschist and eclogite from the Rocky Beach Metamorphic Mélange  
 
Basic descriptions of the geochemistry of other samples eclogite and blueschist from the Rocky 
Beach Metamorphic Mélange (RBMM) can be found in Och et al. (2007). Och et al. (2007) describes 
the unit as consisting of two lenses separated by a narrow strip of Port Macquarie Serpentinite. 
Within the RBMM blocks of multiply deformed, poly-metamorphosed, HP/LT metamorphic rocks of 
mafic igneous parentage, low-grade blocks of sedimentary and basaltic rocks derived from the 
Watonga Formation; and a narrow slice of antigorite serpentinite, which together are set in a 
multiply deformed chlorite– actinolite schist matrix. The parentage of the blueschist and eclogite is 
what will be discussed in this chapter. 
5.1.4 Sedimentary rocks from Town Beach, Port Macquarie 
 
Two sedimentary rocks were collected from Town Beach at Port Macquarie. The first of these 
sedimentary rocks (sample 10-08-21-01) was collected from a composite lithon of pillow basalt and 
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volcanosedimentary rock within the serpentinite mélange at Town Beach, Port Macquarie.  A 
description of this sample can be found in Chapter 3, section 3.3.1. The second was collected from 
structurally below the serpentinite mélange at Town Beach (Figure 3.4 a). Summary description of 
the sample 10-08-21-02 can be found in Chapter 3, section 3.3.2. Both of these samples were used 
for zircon extraction and radiometric dating via SHRIMP. Sample 10-08-21-01 was determined as 
Late Ordovician (452±10 Ma), which is considered to represent the age of deposition (interpretation 
in section 3.3.1). The geochemical characteristic of the sedimentary rock should, therefore, 
represent the composition of the source. This will allow correlation with other tectonic settings 
which are reported to have existed at this time. Sample 10-08-21-02 gave multiple ages from detrital 
zircons, indicating multiple source contributors, however should provide some indication of the 
primary source composition.  
5.2 Aims 
 
In summary this chapter aims to achieve the following: 
1. Identify the tectonic setting of formation of the intrusive phases collected from the 
Gamilaroi and Weraerai terranes 
2. Correlate the Middle Devonian TPG to an island-arc setting to provide further evidence for 
its belonging to the intra-oceanic island-arc Gamilaroi terrane 
3. Determine the protolith/s source for the eclogite and blueschist from the Rocky Beach 
Metamorphic Mélange  
 
5.3 Analytical techniques 
 
To achieve the aforementioned aims the following methods were conducted. Twenty samples (each 
50 – 100g) of fresh uniform rock sample were powdered using a TEMA chromium ring mill to 
determine whole-rock geochemistry. Major and trace element abundances were determined via the 
SPECTRO XEPOS energy dispersive polarisation X-ray fluorescence spectrometer (XRF) at the 
University of Wollongong using standard techniques (Norrish and Hutton 1969). Major elements 
were analysed on 20mm fused glass disks. Depending on elemental concentrations estimated in 
trace element analysis, different fluxes were used. Pure metaborate was used for high silica samples, 
57% tetraborate to 43% metaborate was used for ultramafic samples, and 12% tetraborate to 22% 
metaborate was used for mafic samples. 400mg of sample was added to each flux (300mg for pure 
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metaborate). Trace elements were determined via 20mm pressed pellets created by mixing ~5g of 
sample with a polyvinyl acetate (PVA) binder and pressed into an aluminium cup using a hydraulic 
hand press before being oven dried at 60°C for 12 hours. These analyses were combined with 
geochemical data from Parkinson (2010 – unpublished honours thesis) consisting of 17 samples 
collected from the Tacking Point area including felsic dykes, boninitic volcanics and the melanocratic 
gabbro at Tacking Point, to produce a more comprehensive dataset.  
Most silicate rocks contain volatiles such as water, carbon dioxide, sulphur, fluorine, and chlorine. 
H2O+ is structural or combined water in the form of the hydroxyl ion, (OH
-) in amphiboles and micas 
and as molecular H2O in glasses (Best 2003). Significant amounts of CO2 are present if secondary 
carbonate, usually calcite, has been introduced during weathering or alteration and therefore 
determination of total volatiles can be an effective tool for determining the degree of alteration for 
which a crystalline rock has undergone. Total volatile component was determined by weighing an 
aliquot of rock powder for each sample, heating to 1000oC for one hour and then weighing it again 
to determine loss on ignition (LOI) using standard techniques.  
The whole rock geochemical data collected was used in the geochemical plotting program “GCDkit 
2.3” for various analyses outlined in Table 1.  
Table 1 Classification plots used from GCDkit 2.3 
Menu Item Module Name Scope Plot Description Details 
 
SiO2 - K2O 







SiO2 vs. K2O binary 
Diagram proposed by Peccerillo & 
Taylor (1976) to distinguish various 
series of tholeiitic, calc-alkaline and 
shoshonitic rocks. 
 










Classic A/CNK vs A/NK plot of 
Shand (1943) discriminating 
metaluminous, peraluminous and 
peralkaline compositions. 




SiO2 vs. (Na2O + K2O) 
binary 
Variation of the TAS diagram 
proposed by Cox et al. (1979) and 
adopted by Wilson (1989) for plutonic 
rocks. 
Shervais (1982) Shervais G log Ti/1000 vs. log V Defines geochemical affiliation with 
either oceanfloor basalt (OFB) or 
island arc (ARC) 
Multiple plots Harker Diagram G element (x) v.s. element 
(x)… 
Shows relationships between 
elemental and major oxide 
concentrations. 
Spider Diagrams NMORB G normalised mid ocean 
ridge basalt 
Compares samples to normalised mid 
ocean ridge basalt composition. 






Table 1 Major oxides (in wt.%) and trace elements (in ppm) for sedimentary, mafic, felsic and metamorphic 
rocks of the Port Macquarie Coastal Tract. 
Analysis ID HONS238 HONS239 HONS240 HONS241 HONS242 HONS243 HONS244 
Sample ID 100821-01 100821-02 100821-03 100821-04 100821-05 100821-06 100821-07 
Rock Type Sandstone Siltstone 
Basaltic 
dyke Plagiogranite Blueschist Eclogite Blueschist 
SiO2 44.63 57.03 40.70 39.35 55.41 45.05 54.18 
TiO2 0.78 1.10 0.61 0.18 0.14 1.65 0.66 
Al2O3 17.20 16.37 12.80 18.54 9.35 14.33 9.73 
Fe2O3 9.75 9.50 10.46 2.84 12.82 13.95 17.09 
MnO 0.25 0.18 0.48 0.08 0.15 0.33 0.13 
MgO 10.21 2.85 16.20 6.38 10.63 4.65 7.70 
CaO 5.30 3.33 14.23 30.32 2.32 6.92 2.28 
Na2O 4.43 3.90 0.23 0.14 5.68 1.92 5.97 
K2O 0.14 1.64 0.05 0.02 0.13 3.94 0.12 
P2O5 0.26 0.33 0.19 0.06 0.00 0.24 0.13 
SO3 0.00 0.39 0.00 0.00 0.01 1.85 0.34 
LOI 7.85 4.70 5.08 3.27 3.14 5.29 2.05 
TOTAL 100.80 101.32 101.03 101.18 99.77 100.12 100.38 
S 24 2752 23 16 126 4585 1130 
Cl 376 3156 508 303 1037 255 187 
V 293 269 296 287 390 363 121 
Cr 23 35 770 159 106 260 178 
Co 19 24 62 19 34 37 23 
Ni 14 30 201 82 88 67 94 
Cu 13 164 89 3 4 118 20 
Zn 119 135 90 11 82 129 96 
Ga 15 17 12 3 9 18 10 
As <1 26 1 <1 <1 13 1 
Rb 2 31 <1 1 2 70 1 
Sr 510 101 804 19 15 116 34 
Y 21 31 16 2 3 46 21 
Zr 58 120 35 4 59 114 32 
Sn <3 2 <3 3 2 <3 <3 
Sb 3 <3 <3 <3 <3 <3 <3 
Cs <4 <4 <4 <4 <4 <4 <4 
Ba 94 439 <2 <2 37 1163 12 
La 9 3 8 <2 3 <2 <2 
Ce 39 36 <2 9 39 33 6 
Hf 2 4 1 <1 <1 4 <1 
Ta <1 <1 <1 <1 4 5 <1 
Pb 29 3 <1 <1 <1 <1 <1 
Th 0.8 2.3 1.6 <1 <1 2.6 <1 
 




Analysis ID HONS245 HONS246 HONS247 HONS248 HONS249 HONS250 HONS251 
Sample ID 100822-01 100822-02 100822-03 100822-04 100822-05 100822-06 100823-01 
Rock Type Leucogabbro Plagiogranite Basalt Leucogabbro Gabbro Dolerite Granite 
SiO2 46.03 78.17 58.14 51.46 48.96 46.55 74.77 
TiO2 0.41 0.09 0.26 0.12 0.54 1.04 0.11 
Al2O3 18.79 11.60 13.20 5.39 16.61 16.35 11.78 
Fe2O3 13.17 1.78 8.70 8.15 14.86 12.44 4.58 
MnO 0.21 0.06 0.17 0.20 0.17 0.21 0.04 
MgO 6.67 0.09 7.74 16.30 6.21 4.77 1.08 
CaO 8.34 3.96 6.54 17.14 8.01 10.36 0.17 
Na2O 1.59 3.94 2.87 0.41 1.98 1.92 5.21 
K2O 2.30 0.07 0.51 0.03 0.85 0.39 0.11 
P2O5 0.05 0.02 0.05 0.04 0.07 0.29 0.20 
SO3 0.06 0.00 0.05 0.00 0.00 0.03 0.00 
LOI 3.78 0.92 2.52 1.92 2.55 6.6 1.34 
TOTAL 101.39 100.69 100.75 101.15 100.81 100.95 99.39 
S 364 <2 159 17 20 208 3 
Cl 203 182 268 266 289 311 241 
V 413 3 219 221 504 444 65 
Cr 34 261 527 1928 55 34 219 
Co 36 <4 44 46 44 32 7 
Ni 16 5 101 105 36 18 9 
Cu 152 3 66 82 11 162 3 
Zn 86 22 69 50 61 106 33 
Ga 13 7 8 4 13 24 8 
As 11 7 3 1 12 25 1 
Rb 47 1 11 1 18 8 2 
Sr 93 84 79 32 228 107 32 
Y 10 11 7 4 13 24 4 
Zr 5 52 26 3 10 99 53 
Sn <3 5 <3 <3 <3 <3 4 
Sb <3 <3 <3 <3 <3 5 <3 
Cs <4 <4 <4 <4 <4 <4 <4 
Ba 481 37 115 18 242 167 28 
La <2 <2 7 7 2 9 15 
Ce 8 32 <2 <2 <2 51 26 
Hf <1 2 1 1 <1 <1 2 
Ta 5 2 1 <1 <1 6 2 
Pb <1 2 <1 <1 <1 9 0 
Th <1 1.3 1.5 <1 <1 3.7 3.1 
 
Table 2   
Major oxides (in wt.%) and trace elements (in ppm) for mafic and felsic intrusive rocks from the Gamilaroi and 































Analysis ID HONS252 HONS253 HONS254 HONS256 HONS258 
Sample ID 100823-02 100823-03 100823-04 100823-06 100823-08 
Rock Type Granite Dolerite Gabbro Fels Intr Granite 
SiO2 72.17 58.67 46.92 78.66 66.31 
TiO2 0.11 0.69 1.56 0.08 0.11 
Al2O3 11.91 14.76 14.89 10.87 12.62 
Fe2O3 4.85 10.93 12.26 2.73 7.48 
MnO 0.07 0.18 0.16 0.03 0.08 
MgO 1.53 2.35 8.04 1.16 4.79 
CaO 1.82 4.64 9.89 0.11 1.31 
Na2O 4.92 4.06 3.34 4.81 3.49 
K2O 0.35 0.99 0.24 0.19 0.90 
P2O5 0.09 0.24 0.13 0.03 0.08 
SO3 0.00 0.01 0.00 0.00 0.00 
LOI 2.55 2.82 3.42 1.53 3.06 
TOTAL 100.37 100.35 100.85 100.20 100.22 
S 9 119 44 76 21 
Cl 283 343 462 434 312 
V 101 244 521 30 154 
Cr 316 109 172 291 438 
Co 11 22 52 <4 27 
Ni 20 10 86 152 50 
Cu 11 214 24 1331 43 
Zn 33 100 73 23 36 
Ga 8 12 15 7 9 
As 1 7 <1 3 2 
Rb 5 8 5 3 12 
Sr 41 126 470 35 132 
Y 5 20 19 3 4 
Zr 43 59 45 90 38 
Sn 4 <3 <3 5 1 
Sb <3 <3 <3 <3 <3 
Cs <4 <4 <4 <4 <4 
Ba 37 430 46 32 297 
La 15 <2 <2 16 15 
Ce 15 29 <2 21 6 
Hf 3 2 1 <1 1 
Ta 4 12 1 <1 4 
Pb 1 4 <1 6 <1 




































Analysis ID HONS147 HONS155 HONS150 HONS146 HONS153 HONS158 HONS143 HONS145 HONS144 
Sample ID JP43 JP28 JP22 JP38 JP25 JP33 JP35 JP36a JP36b 
Rock Type Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro Boninite Fels Intr 
SiO2 45.57 45.83 46.18 46.64 46.71 46.79 48.75 51.98 70.92 
TiO2 0.45 0.46 0.39 0.47 0.19 0.25 0.83 0.92 0.32 
Al2O3 20.79 13.1 16.11 6.76 24.27 6.14 11.21 14.44 14.72 
Fe2O3 7.07 8.82 7.7 10.77 3.36 8.75 8.95 9.38 2.39 
MnO 0.11 0.18 0.13 0.22 0.07 0.13 0.21 0.19 0.03 
MgO 6.17 12.19 9.13 15.75 5.47 22.47 8.63 7.08 0.83 
CaO 14 9.11 11.78 15.11 11.92 8.9 10.85 7.16 3.49 
Na2O 2.63 2.06 1.57 0.61 1.54 0.2 2.33 5.1 6.5 
K2O 0.52 0.98 0.77 0.12 3.05 0.14 0.52 0.27 0.13 
P2O5 0.06 0.11 0.08 0.06 0.06 0.08 0.32 0.32 0.14 
SO3 0.53 0.01 1.15 0.04 0.05 0.04 0.37 0.03 0.04 
LOI 4.38 1.87 4.1 4.13 2.48 2.92 2.89 4.49 4.42 
TOTAL 102.34 94.83 99.18 100.88 99.22 97.33 95.98 97.74 103.94 
S <1 <1 <1 <1 <1 <1 <1 <1 <1 
Cl 138.6 151.1 19.4 233.3 22.8 161 226.1 198.2 6.9 
V 376 240 301 363 105 123 399 332 54 
Cr 164 664 400 1124 268 2995 471 190 109 
Co 14 56 46 90 14 130 < 3.0 37 < 3.0 
Ni 46 241 122 234 72 828 157 68 9 
Cu 91 54 146 142 12 64 1434 113 65 
Zn 35 63 50 71 23 47 77 70 12 
Ga 15 11 13 6 16 5 16 11 13 
As < 0.5 1 < 0.2 1 1 19 1 1 < 0.5 
Rb 11 23 20 2 76 5 10 2 1 
Sr 621 478 356 69 470 28 535 253 338 
Y 6 12 9 14 5 7 26 24 20 
Zr 10 20 12 16 9 13 64 72 156 
Sn 1 1 1 < 3.0 3 2 1 5 10 
Sb <1 <1 <1 <1 <1 <1 <1 <1 <1 
Cs <1 <1 <1 <1 <1 <1 <1 <1 <1 
Ba 75 294 147 < 2.0 562 < 2.0 123 48 47 
La < 2.0 < 2.0 < 2.0 < 2.0 6 < 2.0 < 2.0 < 2.0 18 
Ce < 2.0 < 2.0 17 < 2.0 14 < 2.0 18 34 29 
Hf <1 <1 <1 <1 <1 <1 <1 <1 <1 
Ta 1 < 1.0 2 6 < 1.0 5 < 1.0 10 < 1.0 
Pb 5 2 2 0 2 1 4 < 0.3 2 
Th < 1.0 < 0.6 1.1 < 1.0 1.1 < 1.0 1.7 1.8 3.7 
 
Table 3  
Major oxides (wt.%) and trace elements (in ppm) from the Tacking Point Gabbro (Sourced from Parker 2010 – 























Analysis ID HONS148 HONS149 HONS151 HONS152 HONS157 HONS142 HONS154 
Sample ID JP44 JP17 JP23 JP24 JP32 JP34 JP26 
Rock Type Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro Gabbro 
SiO2 39.44 41.63 43.07 44.35 44.93 45.29 45.39 
TiO2 1.84 0.15 0.27 0.21 0.48 0.47 0.5 
Al2O3 13.87 17.01 11.34 14.25 12.35 18.91 14.38 
Fe2O3 20.06 9.03 9.6 7.79 10.12 8.05 7.94 
MnO 0.26 0.16 0.15 0.14 0.18 0.14 0.15 
MgO 6.41 12.29 16.68 14.5 14.57 6.92 10.68 
CaO 9.38 12.27 13.07 10.91 9.61 13.75 9.76 
Na2O 1.55 0.95 0.23 0.71 1.29 2.01 2.11 
K2O 0.71 0.38 0.01 0.62 0.85 1.27 1.2 
P2O5 0.08 0.03 0.08 0.08 0.19 0.07 0.17 
SO3 1.5 0 0 0.03 0 0.11 0 
LOI 3.88 3.73 4.88 3.51 2.93 4 0.96 
TOTAL 99.14 97.74 99.61 97.26 97.76 101.06 93.38 
S <1 <1 <1 <1 <1 <1 <1 
Cl 158.1 42.3 25 23.6 60.1 59.8 128.9 
V 966 122 164 137 210 334 228 
Cr 11 760 1250 957 1381 203 691 
Co < 3.0 68 105 80 85 40 54 
Ni 12 269 450 366 410 45 287 
Cu 231 16 8 11 17 100 64 
Zn 116 64 55 46 75 50 58 
Ga 19 12 9 9 12 15 11 
As 4 1 < 0.5 < 0.2 1 0 1 
Rb 19 9 1 17 21 28 28 
Sr 268 355 204 219 264 445 532 
Y 14 7 7 5 10 9 13 
Zr 25 < 1.0 15 9 18 19 22 
Sn < 3.0 < 3.0 0 2 < 3.0 0 1 
Sb <1 <1 <1 <1 <1 <1 <1 
Cs <1 <1 <1 <1 <1 <1 <1 
Ba 128 76 13 91 210 173 314 
La < 2.0 12 16 11 < 2.0 14 10 
Ce < 2.0 < 2.0 < 2.0 14 < 2.0 < 2.0 < 2.0 
Hf <1 <1 <1 <1 <1 <1 <1 
Ta 2 < 1.5 4 4 < 1.0 < 1.0 56 
Pb 3 3 2 1 0 2 2 
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Figure 5.1  (left) TAS diagram as 
designed by Cox et al. (1979). 
Key in the top right is based on 
hand sample petrology 
determined in the field. Colour 
indicates location where sample 
was collected from (Red = Barry; 
Black = Port Macquarie; Blue = 











Figure 5.2 (left) A/CNK-A/NK 
plot as designed by Shand 
(1943). Key in the top right is 
based on hand sample 
petrology determined in the 
field. Coulour indicates 
location sample was collected 
from (Red = Barry; Black = 
Port Macquarie; Blue = 
































Figure 5.3 SiO2-K2O plot as 
designed by Peccerillo and 
Taylor (1976). Key in the top 
right is based on hand sample 
petrology determined in the 
field. Coulour indicates 
location sample was collected 
from (Red = Barry; Black = 
Port Macquarie; Blue = 







5.4.1 Geochemistry of the Gamilaroi and Weraerai terrane intrusives 
 
The igneous rocks of the Gamilaroi terrane at Barry range in composition from gabbro (basalt = 
volcanic equivalent) to granite (rhyolite = volcanic equivalent) (Fig. 1). According to the TAS diagram 
and SiO2/K2O plot the core Gamilaroi intrusives belong to the subalkaline/tholeiitic series and are 
granite -granidiorite in composition. According to the A/CNK-A/NK plot, the Gamilaroi granites are 
peraluminous. The felsic intrusion (10-08-22-02) was defined in the field as a “plagiogranite”, 
however has ultra-high SiO2  (>75%), intermediate Al2O5 (12 wt. %) and minor CaO and Na2O (both ~ 
4 wt. %). This high concentration of SiO2 is rare and the dyke must represent an SiO2-saturated late 
magmatic-phase, which possibly experienced secondary SiO2 alteration. This can possibly lead to its 
definition as an aplite dyke which is composed, petrologically, of mainly quartz and feldspar. 
Petrological analysis (Chapter 4) identifies K-feldspar, plagioclase and quartz with minor chlorite 
alteration) as the dominant mineral assemblage defining the intrusive as an alkali-feldspar 
assemblage. The intermediate MgO (<10 wt. %) and SiO2 (>45 wt. %) content of the gabbroic rocks 
collected from Barry indicate that they may represent mafic-intermediate phases of the Gamilaroi 
terrane, and may not be part of the mafic gabbros of the Weraerai terrane.  
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According to the V-Ti/1000 geotectonic discrimination diagram, all of the Gamilaroi intrusives plot 
within the island arc affinity, or are indistinguishable (Fig. 5.5) due to plotting close to the axis of 
discrimination.  
5.4.2 Tacking Point Gabbro and other intrusives of the Port Macquarie Coastal Tract 
 
According to the TAS diagram all of the TPG rocks are subalkaline/tholeiitic, which plot as gabbro 
and ultramafic gabbro (SiO2 <45 wt. %) (Fig. 5.1). Three samples are intermediate between 
subalkaline/tholeiitic and basic-ultrabasic/alkaline including two classic gabbros and an ultramafic 
gabbro. One felsic intrusion sampled from Tacking Point has granitic composition. 
One ultramafic sample from Town Beach (10-08-21-03) has low SiO2 (< 40 wt. %) and has 
anomalously high CaO (>30 wt. %) and high Al2O5 (19 wt. %). It is difficult to find, in the literature, an 
example which is similar to this. Most samples which have CaO at these levels report low Al2O5 
concentrations. The sample was collected from the basalt portion of a basalt dyke  with a central 
felsic domain (used for zircon extraction), which was cutting through the serpentinite at Oxleys 
Beach (Figure 3.9 a). The intrusion had been emplaced after serpentinization however had clearly 
been deformed by subsequent deformation in the mélange (Figure 3.9 a).  
According to the V-Ti/1000 geotectonic discrimination diagram, all the TPG have affinities with an 
island arc system (Fig. 5.5).  
 
5.4.3 Blueschist and eclogite of the Rocky Beach Metamorphic Mélange 
 
According to the TAS diagram and SiO2/K2O plot, the two blueschists are of composition 
intermediate between diorite and gabbro, and belong to the subalkaline/tholeiitic series (Fig 5.1). 
The eclogite is of gabbroic composition and belongs to the ultra-basic/shoshonitic series.  
In comparison to the blueschist, the eclogite has high K2O (~4 wt. % compared to < 0.15 wt. % for 
blueschist), low silica (45 wt. % compared to 55 wt. % for blueschist) low Na2O5 (~2 wt. % compared 
to ~ 6 wt.  % for blueschist), higher CaO, higher Al2O3, and lower MgO (Table. 5.1 and Fig. 5.3). The 
eclogite also has a higher loss on ignition (LOI) than the blueschist indicating higher volatile 
component (Table. 5.1 and Fig. 5.3).   
The eclogite sample has high barium content (> 1100 ppm) (Fig. 5.4, Table. 5.1). This is much higher 
than either of the blueschist rocks (both <50 ppm). No other rock samples collected from Port 
Macquarie or Barry have Ba concentrations in close proximity that of the eclogite. The eclogite has 
124 
 
anomalously high S content (>4500 ppm) which again is not proximal to any other samples in the 
dataset. The eclogite has enrichments in the LIL element Ba, and the LILE element Rb (70 ppm) 
(Table. 5.1).   
According to the V-Ti/1000 geotectonic discrimination diagram, the eclogite and one blueschist 
(100821-07) have oceanfloor basalt affinities. The other blueschist sample (100821-05) has island arc 
affinities (Fig. 5.5).  
5.4.4 Sedimentary rocks from Town Beach, Port Macquarie 
 
According to the TAS diagram, the sandstone from the mélange (100821-01) is of gabbroic (volcanic 
equivalent = basalt) composition, and, according to the SiO2-K2O plot, belongs to the tholeiite 
series. The siltstone from below the mélange (100821-02) has the composition of diorite (volcanic 
equivalent = andesite).   
According to the V-Ti/1000 geotectonic discrimination diagram, 100821-01 has island arc affinity and 




































































































































Figure 5.4  selected Harker variation diagrams for SiO2 vs. major element oxides. Key in the bottom right is based on hand 
sample petrology determined in the field. Coulour indicates location sample was collected from (Red = Barry; Black = Port 
















































































































































































































































































































Figure 5.5 Ti/1000-V geotectonic 
discrimination diagram. “ARC” 
section indicates island arc 
affinity. OFB indicates oceanfloor 
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The Gamilaroi terrane and TPG have been correlated to an island arc setting. Having previously 
correlated the age of the Gamilaroi terrane and TPG, and now placing them both in an island arc 
setting, it can be said that the two are temporally correlated and are likely to be spatially correlated 
(i.e. both part of the Siluro-Devonian Gamilaroi intra-oceanic island-arc system).  Further analysis of 
trace element signatures of the Gamilaroi terrane and TPG, in comparison to NMORB composition, 
clarifies that the two are in fact part of the same terrane (Fig. 5.6).  All of the TPG and Gamilaroi 
terrane rocks have significantly elevated U and Th concentrations (Fig 5.6). Almost all of the samples 
show a trend of elevated Ba, Rb, K, La and Ce. Almost all samples from both the Gamilaroi terrane 
and TPG have depleted Zr, Ti, and Y. The most informative trend in the trace element signatures is a 
widespread depletion in Nb, Ti and Ta (Ta primarily below detection limits) which indicates sourcing 
of magma from an island arc (Ryerson and Watson 1987). There is also a depletion of Nb relative to 
Th and U. The depletion of Nb/Th and Nb/U in the source regions of island-arc magmas occurs 
during hybridization of the source by rutile-saturated (Nb/Ta-depleted) melts or aqueous fluids 
(Ryerson and Watson 1987). If the hybridizing agent is a melt, a relatively felsic composition, 
produced under low T (900°) hydrous conditions, is required. For fixed pressure (P) and temperature 
(T), TiO2 content decreases markedly as the melts become more felsic (Ryerson and Watson 1987). 
The felsic   (>70 wt. % SiO2) and ultra-felsic (> 78 wt. % SiO2) granites which make up the core of the 
Gamilaroi terrane are all depleted in TiO2 therefore suggesting they represent a late stage 
fractionation phase from a magma series which evolved under relatively steady P and T.  
The Bowen Reaction Series (Figure 5.7) shows that as a magma series evolve and igneous rocks are 
crystallised from different starting temperatures and magma compositions. The process by which 
minerals are formed and removed from the melt is called fractional crystallisation which can occur 
by physically separating whole crystals, and liquid, based on differences in density and other 
dynamic processes in the magma chamber (Best 2004). As fractional crystallisation continues the 
composition of the starting magma or rock is changed as the system evolves. Thus, the solidus for 
mafic igneous rocks such as the TPG is reached prior to the solidus for felsic rocks, such as the 
Gamilaroi terrane. TPG has yielded a Middle Devonian igneous age (section 3.3.4). The Gamilaroi 
terrane granite at Barry and the TPG may belong to separate magma series (or intrusive event) in the 
Gamilaroi intra-oceanic island arc. However, if they are part of the same magma series then based 
on the Bowen Reaction Series, the Gamilaroi granites at Barry could be either of the same age or 




Figure 5 Bowens reaction series showing a Discontinuous Reaction Series on the left, in which earlier-formed crystals react 
with the remaining magma in a series of discrete steps to produce a new mineral, and the Continuous Reaction Series on 
the right, in which the earlier-formed minerals slowly and steadily change into new minerals (Source: 
http://higheredbcs.wiley.com/legacy/college/skinner/0471152285/animations/animations/mod_5/bowen_reaction.html). 
 
Rocks from the Cordon Syentite Complex, located in the Philippine island arc, and lavas from the 
Roman Region in the Indonesian arc are both metalluminous in whole rock chemistry (Knittel and 
Cundari 1990). Therefore, by association of modern day examples of island arcs, the predominantly 
metalluminous igneous rocks from the Gamilaroi terrane and TPG (Fig. 2), are further evidence for 
their development in and island arc environment.  
Combination of geochemical and radiometric evidence for the sedimentary rock (100821-01) 
indicates that it is definitely a volcanosedimentary rock sourced from mafic volcanic counterpart 
during the Late Ordovician. The Late Ordovician age of the sediment disputes any correlation with 
the Gamilaroi intra-oceanic island arc. The Lachlan Orogen (LO) of south Eastern Australia lies 
structurally west of the NEO and contains Ordovician mafic volcanosedimentary rocks (Glen 1998). 
While the setting of the Lachlan Orogen is somewhat enigmatic (Glen 1998), chronologically and 
petrologically it provides a possible relation to this mafic volcanosedimentary rock, however the 
exact mechanism by which Lachlan Orogen Ordovician volcanics could be translated across the 
structural grain of both the LO and NEO  is difficult to reconcile. It is clearly evident that much more 
geochronological, geochemical and structural analysis is required to resolve these issues in the NEO.  
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Geochemically, there are differences between the two blueschist and the eclogite, and differences 
among the blueschist themselves. This deserves significant attention as the close proximity of the 
placoids from which the samples were collected would suggest a common source. Although the 
mineralogy may be different due to cation exchange experienced during different phases of 
metamorphism, the internal whole-rock geochemistry should remain relatively constant as 
anhydrous conditions at such depths increase the solidus of the rock (Tatsumi and Eggins, 1995), 
inhibiting melting and preventing, to reasonable extent, exchange of elemental compositions with 
the surrounding mantle. One would hence expect the whole-rock chemical composition of the 
retrograde metamorphic rock to represent reasonably the composition of the protolith. This concept 
leads to the indication that the eclogite and blueschist came from a different composition protolith.  
The eclogite has a high LOI (5.29 wt. %) which supersedes that of any igneous rock in the dataset. As 
it would be expected that high pressures would force the volatile component of the eclogite to 
escape during deep subduction, the following is an explanation for the anomalous LOI %. Research 
shows that fluid flow is limited during eclogite and high-grade blueschist facies metamorphism 
(Phillipot 1993). With increasing pressure and temperature, the remaining fluid phase is released 
during crystal plastic flow processes or devolatilisation reactions but is retained in the host rocks to 
form veins, partial melts or dense hydrous silicates (Phillipot 1993), such as hydro-garnet. Hydro-
garnet is identified as a major mineral within the blueschist assemblage (Chapter 4, section 4.5.3), 
however this was not identified in the eclogite sample, and thus, other unidentified hydrous silicates 
may be present within the eclogite. Independently of the thermal structure of subduction zones (Fig 
2.7), terriginous sediments will begin to melt at pressures > 2GPa. The melt phase can absorb high 
quantities of water and represent major sinks for devolatisation fluids (Phillipot 1993). At sub-arc 
depths of 50 -150 km, regardless of the geothermal gradient, continuous internal buffering of 
volatile activities will retain the fluid phase in the slab (Phillipot 1993). This is an explanation for the 
high volatile component in the eclogite, which supersedes that of any other igneous sample in the 
dataset.  
The higher SiO2 levels in the blueschist compared to the eclogite may be due to parentage from a 
MORB source combined with terriginous, silicic sediments on the subducting plate. The high MgO 
and Fe2O3 content of the two blueschist may indicate a protolith which formed out of combined off-
scarped mafic volcanic sediments eroded off an island arc, combined with the silicic sediments which 
accumulate on the top of the subducting plate. This would explain the mafic intermediate mafic-




The eclogite sample has high barium content (> 1100 ppm). This is much higher than either of the 
blueschist rocks (both <50 ppm). No other rock samples collected from Port Macquarie or Barry have 
Ba concentrations in close proximity that of the eclogite. The eclogite has anomalously high S 
content (>4500 ppm) which again is not proximal to any other samples in the dataset. The eclogite 
has enrichments in the LIL element Ba, and the LILE element Rb (70 ppm). An eclogite from a single 
localised body cropping out near the village of Vara Inferiore (Voltri Group,Italy) has similarly been 
found to contain an anomalous enrichment in the LIL element Ba  compared with other eclogites in 
the area (Bocchio 2007). After microprobe analysis this was found to be due the BaO rich phengite 
host. Phengite is a major mineral in the metamorphic assemblages identified in Chapter 4 (section 
4.5.2). Therefore, BaO rich phengite may explain the anomalous Ba concentration in the phengite 
rich Rocky Beach Eclogite.  
CHAPTER 6 – CONCLUSIONS 
 
 K-Ar dating (Fukui et al. 1995) of white mica (phengite) crystals introduced during retrograde 
blueschist metamorphism yielded an Ordovician age of 470 ± 10 Ma which until now has been 
considered to represent the age of the Rocky Beach Eclogite. Dating of white micas from blueschist 
can be problematic and erroneous (Nowlan et al. 2000).  No igneous age has been determined for 
the protolith which is believed to be of mafic igneous parentage (Och et al. 2007). Current models 
(Phillips and Offler 2010; Offler and Murray 2010 - article in press) suggest a long lived west-dipping 
subduction zone existed from the Ordovician-Permian, and slow exhumation of the eclogite with a 
200 million year suspense in the upper curst without complete retrogression to greenschist 
amphibolite facies. Four phases of metamorphism have been interpreted by Och (et al. 2003) which 
is combined with the above mentioned hypothesis. On a global scale, the currently reported 
Ordovician age of the Rocky Beach Eclogite has been used as primary evidence to support  the 
hypothesis that secular cooling of the earth, and subduction geotherms as well, have stabilised 
eclogite assemblages since the Phanerozoic (Tsujimori et al. 2006). 
The young Permo-Triassic age results of primary igneous zircons within the eclogite at Port 
Macquarie show that a re-appraisal of tectonic models is required. The presence of Permo-Triassic 
primary igneous grains within the eclogite indicates that metamorphism to eclogite facies couldn’t 
have occurred until at least the Permian-Triassic. While the possibility of contamination of Permo-
Triassic zircons (possibly as sand grains) during exhumation of the eclogite is considered, the next 
population of Carboniferous zircons within the eclogite also indicates much younger ages than the 
Ordovician ages obtained by K-Ar dating of phengite by Fukui et al. (1995).  Exhumation of the 
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eclogite within the serpentinte matrix mélange can only have occurred after the formation of the 
eclogite. Therefore the Permo-Triassic age constraint for the eclogite presented here has 
implications for the timing of melange development.  
Geochemical analyses of volcanic rocks in the Gamilaroi terrane reveal several phases of arc activity 
(including rifting) within an intra-oceanic island-arc terrane (Stratford and Aitchison 1997). 
Geochemical data (rare earth element (REE) and trace element compositions) indicate that the 
Devonian rocks of the Gamilaroi terrane were erupted in an intra-oceanic island-arc (Cross 1983; 
Morris 1988; Stratford and Aitchison 1997). Research into the geochemistry Gamilaroi terrane 
provides an example of the potential use of geochemical data to identify other ancient intra-oceanic 
island-arc rift-suites (Stratford and Aitchison 1997). Correlation of geochemical similarities between 
the Permian Clarence River Supersuite and the Tacking Point Gabbro has led to the incorrect 
Permian age assignment for the Tacking Point Gabbro (Och et al. 2007 b).  
Geochemical analysis of the Gamilaroi terrane and Tacking Point Gabbro coupled with new age 
constraints place the two in indistinguishable tectonic settings (island-arc) which existing during an 
indistinguishable period (Middle Devonian). This is interpreted here to validate the association of the 
Tacking Point Gabbro as belonging to the island-arc Gamilaroi terrane. The Tacking Point Gabbro has 
developed as an intrusive event with the intra-oceanic island-arc system during the Middle 
Devonian, possibly as an intra-arc mantle diaper associated with the rifting which occurred within 
the Gamilaroi terrane during this period. After this the Tacking Point Gabbro, together with the rest 
of the Gamilaroi terrane rocks were accreted to the eastern margin of Gondwana during the 
Carboniferous. 
The Green Mound metasediment from tectonically beneath the mélange at Port Macquarie has a 
Lower Carboniferous maximum age of deposition. The multiple age populations and indiscriminate 
geochemistry indicates that contributions were made from multiple source rocks, certainly of 
differing ages and most likely of varying compositions. There is also a Lower Devonian age pool 
which coincides with the age of the Gamilaroi terrane. It is concluded that the Green Mound 
metasediment was deposited on the Gondwanan continent post accretion of the Gamilaroi terrane, 
both of which may have contributed sediments.  
SHRIMP analysis of a volcanosedimentary rock collected from a composite lithon of well-preserved 
pillow basalt yielded a Late Ordovician age of 452 ± 10 Ma indicating that the sediment was sourced 
from an active Ordovician island-arc system off the eastern margin of Gondwana. One island arc 
which existed off the east coast of Gondwana during the Ordovician was the Macquarie arc.  
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The Neoproterozoic age of the dyke in melange (665±17 Ma) is from an inherited zircon. This result 
demonstrates that at the time this dyke was emplaced, the mélange was underlain by evolved 
crustal rocks. Minor deformation of the dyke indicates that it was deposited while mélange was still 
developing, or is indicative of later tectonism.  
This research has highlighted the need to consult multiple fields of geological evidence to accurately 
interpret the tectonic history of the southern NEO and abroad. Field observations, geochemical and 
petrological analysis and SHRIMP dating of zircons together form the most powerful toolset available 
for a geochronological investigation. While SHRIMP is not always possible, the other three methods 
of analysis and observation are still adequate if considered accordingly. Model driven hypotheses 
can be erroneous when not supported by substantial evidence. New radiometric age constraints 
need to be placed on the various terranes of the NEO and reappraisal of tectonic models built 
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Filed Sample - August Field trip: Port Macquarie, Barry Staion, Nundle
Fieldnotes
Sample # Longitude Latitude Eastings (AMG) Northings (AMG)
100821-01 152.92256 31.42973
Sandstone situated beneath pillow bassalts at 
Town Beach just near the peridotite block - 
detrital zircons 
100821-02 152.92395 31.43041 slate-siltstone-chert from Watonga Fm
100821-03 152.92374 31.431375
Bassalt dyke cutting through the serp but also 
clearly deformed. Chilled margins Felsic 
differentiate in thecentre may be useful for 
zircon dating. Only doubt is if it is an inclusion of 
the Watonga Fm but should still get an igneous 
age. Would help constrain the age/timing of 
serpentinization i.e. post-dates it but is still 
slighlty affected by melange/deformation.
100821-04 152.92438 31.43316
Plagiogranite? Pod in the melange - strongly 
deformed should be Cambrian?? If Triassic then 
would mean considerable defm since Trias. 
Oxley Beach Sth side - sample for zircon dating. 
* In nearby outcrops (photos) it is clear that the 
plagiogranite has intruded the serpentinite - 
serp inclusions (xenoliths) within the core of a 
plagiogran dyke is clearly sheared suggesting 
intense post-intra defrm. Triassic??
100821-05 152.92555 31.43684 Blueschist - glancophane vein. Maybe zircons.
100821-06 152.92535 31.43727 Eclogite c-lg garnets 2mm & blueschist and pyrite
100821-07 152.92535 31.43727 Blueschist/eclogite same as  - 06. lg garnets 4mm
100822-01 151.31627 31.58013
Barry Station. Leucogabbro - geochem. Intruded 
by plagiogranite dyked & and bassalitc dyke.
100822-02 151.31616 31.58007 Plagiogranite dyke. !!Zircon dating!!*
100822-03 151.31613 31.5801
Basaltic (porphorytic) dyke cutting through 
leucogabbro + plagiogranite - Last magmatic 
phase.
100822-04 151.31708 31.58064
Plagiogranite dykelets with amphibole reaction 
rims cutting through leucogabbro. !!Petrology to 
check amphibole rims!!*
100822-05 151.32013 31.57869 Gabbro - geochem + petrology
100822-06 151.32011 31.57875 Dolerite dyke - geochem + petrology
100823-01 342401 6505544 Gamilaroi .t. granite.
100823-02 342788 6505471 Gamilaroi .t. granite
100823-03 343003 6505770 Dolerite Gam? Wer?
CONTACT* 343533 6506480 GAM/DJUNG (ANAINAN? AUAINAN?)
100823-04 343615 6506217 Gabbro Gam/Wer? - geochem
100823-05 343454 6506445
Malchite mineralization assoc c' qtz veins in 
trodjemite & maybe gabbro
100823-06 343401 6506443 Felsic intrusion c' disseminated Cu (Malachite)
100823-07 343390 6506421 Qtz vein c' Cu  minerlaization + pyrite
100823-08 343262 6506472
Granite (trodjemite) with malachite veinlets & 
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